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Abstract Ground deformation in volcanic areas is linked to various, often interconnected processes
such as magma intrusion, pressurized fluid migration, and thermal expansion effects. The presence of
active and extended hydrothermal systems plays a key role and affects the deformation phenomenon in
complex ways. In this study, we propose a generalized conceptual and mathematical model, which allows
retrieving the flow rate of fluid injection in a volcanic hydrothermal system, assuming a ground
deformation data set as input. The basic assumption is that short‐term ground uplift episodes (with
characteristic periods of less than 5 years) depend on the injection of volcanic fluids into the hydrothermal
system. Then, assuming a deformation field shape independent of time and a linear time‐invariant
relation between the amount of injected fluid and the resulting ground deformation, we define a Green's
function as the product of spatial and temporal components. The case study is a 3‐D elastic model with
permeability and porosity for the Campi Flegrei caldera, Italy. By Green's function, a 2‐km‐long source at
2.4‐km depth, which matches the interferometric synthetic aperture radar deformation, is localized and
the amount of injected volcanic fluid in the last 20 years of high‐frequency deformation episodes
estimated. In conclusion, we find a good agreement between the measured and estimated temporal
deformation patterns and, principally, that fluid injection rates can be retrieved from the deformation field
at volcanoes.

1. Introduction

This work concerns the short‐term transient deformations related to fluid injection episodes in
hydrothermal systems.

As a test case, we refer to the Campi Flegrei caldera (CFc) and particularly to the high‐frequency deforma-
tion episodes. Chiodini et al. (2003, 2012) and Chiodini (2009) showed the correlation between these
episodes and the variations in the amounts of gas species measured in the Solfatara crater.

The CFc is a broad (90 km2) and densely populated (~1,500,000 inhabitants; Orsi et al., 2004, 2009) caldera in
southern Italy characterized by a very high volcanic risk (Chiodini et al., 2015, 2016; D'Auria et al., 2015;
Zollo et al., 2008).

The CFc is an active volcanic and geothermal area where volcanism has been documented since 60 ka bp
(Pappalardo et al., 1999). Two major volcanic events mark the history of this area: the Campanian
Ignimbrite eruption (39 ka; De Vivo et al., 2001), which led to the deposition of approximately 150 km3

(DRE) of pyroclastic deposits across an area of 30,000 km2, and the Neapolitan Yellow Tuff eruption
(15 ka; Deino et al., 2004), which covered 1,000 km2 with approximately 40 km3 (DRE) of pyroclastic depos-
its (Barberi et al., 1978; Orsi et al., 1995; Rosi & Sbrana, 1987). In the last 15 ka, the eruptive vents (Di Renzo
et al., 2011) have been located within the caldera, which has always been the site of intense volcano‐tectonic
activity and hosts a high‐temperature geothermal field characterized by CO2‐rich fumaroles and thermal
springs (Caliro et al., 2007; Chiodini, 2009; Chiodini et al., 2001, 2015). In particular, bradyseismic episodes
still affect the caldera floor, generating uplift and inflation events (Del Gaudio et al., 2010, and references
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therein; Barberi et al., 1984; Casertano et al., 1977; Corrado et al., 1977;
Morhange et al., 2006; Orsi et al., 1999; Parascandola, 1947; Trasatti &
Bonafede, 2008).

The ground deformation data set adopted consists of optical leveling, con-
tinuous Global Positioning System (GPS), and interferometric synthetic
aperture radar (SAR) measurements. Furthermore, as additional con-
straint, we used the geochemical data from CO2 and H2O fluxes dis-
charged by the main fumaroles of the CFc. One of the most impressive
manifestations of the volcanic activity is the deformation of the
volcanic edifice.

An important role in the ground deformation of calderas is played by the
hydrothermal system. Maurizio Bonafede (1991) made the first attempt to
give a quantitative description of the impressive 1982 uplift episode at the
CFc based on the role of fluids in volcanic crises. In this paper, the ther-
moelastic expansion of the geothermal system due to heating effects
explains the deformation of a relative superficial source. In De Natale
et al. (2006), a mixed magmatic‐geothermal source is adopted to explain
the bradyseism mechanism. In this model, the geothermal system delays
the maximum uplift after the magma injection and accounts for the slow
deflation rate, on the basis of the pressure discharged by the permeability

mechanism. The role of the pressurization of the hydrothermal system has been recently underlined by sev-
eral authors (Fournier & Chardot, 2012; Hutnak et al., 2009; Rinaldi et al., 2010); poroelasticity links transi-
ent pressure changes and short‐term deformation. Long‐term deformation, instead, should be mostly related
to the thermoelastic effects due to a sustained injection of hot fluid at depth (Chiodini et al., 2015; Fournier &
Chardot, 2012).

In the last 25 years, the ground deformation pattern at the CFc has consisted of long‐term deflation‐inflation
(with a reversal trend since 2005) and short‐term uplift episodes with durations of a few years (Chiodini
et al., 2012; D'Auria et al., 2011).

For the CFc, various models of ground deformation have been proposed for the period 1987–2013 (Amoruso
et al., 2014; Battaglia et al., 2006), and both hydrothermal (D'Auria et al., 2012) and magmatic sources have
been proposed (Amoruso et al., 2014; 2014; D'Auria et al., 2015; Trasatti et al., 2015). In particular, D'Auria
et al. (2012), using an advanced imaging method, have shown that the short‐term deformations during the
2000 and 2006 ground uplift episodes were related to the upward migration of fluid batches.

Geochemical data support hydrothermal origins for most of the ground deformation episodes (Chiodini
et al., 2010, 2012, 2015). As shown in Chiodini (2009), the strong correlation between ground deformation
measured at the center of the caldera and the variation in the CO2/CH4 ratio (Figure 1) measured in the
Solfatara crater suggests a causal physical link between fluid injection and unrest episodes. Furthermore,
Chiodini et al. (2015) have demonstrated that a strong correlation exists between geochemical and ground
deformation time series. In particular, in Chiodini et al. (2012) it is discussed how the degassing episodes
trigger short‐term deformation episodes. On the basis of this correlation, our intent is to quantitatively link
degassing episodes to the deformation, in order to interpret with a physical unitary model the entire
1992–2015 short‐term deformation pattern.

In our study, the primary intent is to develop a general methodology to recover time‐varying fluid injection
rates in hydrothermal systems, starting from the observed short‐term ground deformation. To achieve our
goal, we have used a linearized approach to define a Green's function able to estimate the amount of
injected fluids.

We have used the TOUGH2 code (Pruess, 2004) to model the dynamics of the hydrothermal system. We take
into account the structural complexity of the volcano by using the 3‐D permeability and porosity model for
the CFc proposed in Petrillo et al. (2013), which also considers the bathymetry and water table topography
(Figure 2). The use of a correct permeable‐porousmodel is crucial to estimate the correct Green's function. In
Appendix A, the strong dependence of the function on the permeability and porosity variations is shown.

Figure 1. Chronograms of CO2/CH4 ratios and ground elevations during
the 2006 uplift (Chiodini, 2009).
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Themethod applied in the present work relies on a perturbative approach to the thermo‐fluid dynamic state,
which allows us to easily model time‐limited transients, perturbing the steady state.

In section 2, we discuss the thermo‐fluid dynamical model and our heuristic approach leading to the linear
approximation. In section 3, we discuss the numerical approach to determine the optimal shape and location
of the fluid injection source and the computation of the temporal Green's functions, while in section 4, we
illustrate how these functions are used within the adopted inverse method. The application of this method
to the CFc data set and its results are illustrated in section 5 and discussed in section 6. Appendix A shows the
results of synthetic numerical test cases performed with varying permeability ([10−12 10−16] m2) and poros-
ity (10, 40%) in a 3‐D domain. We demonstrate and analyze the dependency of Green's function on the two
physical parameters. The last section of Appendix A shows the constancy of the deformation pattern with
respect to time for different permeability model.

2. Linearized Approach: Theoretical Basis
2.1. Linearization Hypothesis

We consider the thermo‐fluid dynamics equation system for multiphase flow in porous media (Pruess, 2004).
The mass and energy balance equation can be written in differential form as

∂Mk

∂t
¼ −∇·Fk þ qk; k ¼ 1;…;N þ 1 (1)

where Mk is the term that accounts for both the mass accumulation, as the index k spans the interval
[1, N] (N representing the number of components, in our case, 2: H2O and CO2) and the energy stored
as heat when k = N + 1. Fk represents equivalently mass or heat flux as the former term does, and qk is
the source term.

The mass accumulation term can be written as a sum over all the fluid phases β:

Mk ¼ φ∑βSβ ρβX
k
β (2)

where φ is the rock porosity, Sβ is the fraction of pore volume occupied by phase β, ρβ is the phase density,
and Xk

β is the mass fraction of component k present in phase β.

Figure 2. Computational domain of the Campi Flegrei caldera 3‐D model. The Solfatara crater is located at the center of
the domain. The stationary fluid source (q0) and the source of transient fluid injections (q1) are indicated in the figure.
The topography shown in the figure is only indicative and is not included in the computational domain, which is also
indicated (modified from Petrillo et al. 2013).
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The heat accumulation term in a multiphase system is

MNþ1 ¼ 1−φð ÞρRCRT þ φ∑βSβρβuβ (3)

where ρR is the solid matrix density and CR its specific heat, T is temperature, and uβ is the specific internal
energy in phase β. In general, the temperature associated with phase β is not the same as the matrix tempera-
ture, but in general, in hydrothermal system, with very low values for advective terms, there is local thermal
equilibrium, and the temperatures of the two terms of (3) are the same.

The second term in equation (1) (advective term) is governed by the multiphase Darcy law:

Fβ ¼ −k
krβρβ
μβ Tð Þ ∇Pβ−ρβg

� �
(4)

where Fβ represents the mass flux in phase β, k is the absolute permeability, krβ is the relative permeability of
phase β, and μβ(T) is the viscosity of phase β as a function of temperature.

The nonlinearity arises from the presence of the advective term (−∇ · Fk) in equation (1) and from the state
equation for the fluid phases. If we perturb a stationary fluid flow pattern (i.e., by injecting a batch of fluids),
exchanges of heat between the rock matrix and the fluids and phase changes (with the release or absorption
of heat) can occur. The processes are generally nonlinear affecting, for instance, the viscosity μβ(T) and con-
sequently the mass flux term Fβ in the Darcy relation (equation (4)).

Our hypothesis is that during injection episodes of short duration, nonlinear effects are negligible, which
means, for instance, that μβ(T) does not change significantly with temperature and that phase changes do
not appreciably affect the pressure of the entire domain. These hypotheses have been positively tested and
verified numerically (see section 3).

A similar effect has been shown by Hutnak et al. (2009) and Fournier and Chardot (2012). These studies
proved that for a limited time period (approximately years in our case) and depending on the considered
domain, the pressure is linearly correlated with the fluid injection rates.

2.2. Derivation of Green's Function

We define the source term for achieving stationary conditions (i.e., stationary fluid injection beneath

Solfatara) as qko xð Þ (see Petrillo et al., 2013, for details). Hence, for steady state conditions, equation (1)
reduces to

∇·Fk
0 ¼ qk0 xð Þ (5)

The complex structure of the convective cells, discussed in Petrillo et al. (2013), is characterized by very low
fluid velocities (on the order of 10−4 m/s). Let us consider now the solution for equation (1) resulting from a
perturbed source term:

qk x; tð Þ ¼ qk0 x0ð Þ þ qk1 x; τð Þ (6)

where qk1 x; τð Þ is the spatiotemporal source pattern, which is different from 0 only within the source region
and during an injection.

We now write any thermodynamic quantity θi in the perturbed solution of equation (1) as θi ¼ θi0 þ ϵθi1θ
i ¼

θ10 þ ϵθi1, whereθ
i
0 is the value of the quantity in the stationary solution of equation (5) and ϵθi1 represents the

perturbation of the same quantity. Replacing this quantity in equation (1), then subtracting equation (5) and
retaining only the terms in∈, we obtain a linearized equation system for the perturbed quantities that can be
written as

Lk θ1i x; tð Þ� � ¼ qk1 x1; τð Þ (7)

where Lk are linear differential operators. We can then separate the spatial and temporal contributions to the
source term:
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qk1 x1; tð Þ ¼ qk1 xð Þs tð Þ (8)

where qk1 xð Þ is the spatial source pattern and s(t) is the injection rate. If we set s(t) = δ(t) in equation (7), its
solution represents a Green's function, which allows us to write any solution for equation (7) as a convolu-
tion integral:

θ1i x; tð Þ ¼ ∫Vdx1q
k
1 x1ð Þ∫∞−∞Gi x1; τ; x; tð Þs τð Þ dτ (9)

In practice, we do not directly observe the thermodynamic quantities θ1i but rather the ground deformation

parameters ψn, which are merely linear functionals of θ1i in an integral form such as:

ψn tð Þ ¼ ∑i∫VΨ
i θ1i tð Þ� �

dV (10)

Note that now the integral volume in equation (10) is extended to the whole space, while in equation (9), it
refers to the source of the thermodynamic problem (q1 in Figure 2); Ψi is the contribution to the
z‐deformation calculated with COMSOL, which connects, for example, the pressure of one volume

element θ1pres x; y; zð Þ
�

) in the integral in equation (10) at a generic point on Earth's surface. In this work,

we model the ground deformation considering both the poroelastic and the thermoelastic effects (Rinaldi

et al., 2010; Vasco et al., 2002). In the following sections, we show how once qk1 xð Þ has been determined,
s(t) can be deconvolved from the time series of ground deformation parameters ψn(t).

3. Numerical Computation of Green's Function

In this section, we discuss the forward part of our method separating the three principal logic blocks into
paragraphs. We use the forward approach to reproduce deformation data and show the validation of the
linear approximation, as regard the response of the system to impulses of different amplitude.

The first block computes the pressure and temperature fields (TOUGH2) as functions of time. The second
block calculates (COMSOL) the associated deformation field and is used to define the source localization
and its extent. The third block is used to define the temporal structure of Green's function associated with
the deformation source.

3.1. Thermo‐fluid Dynamical Model

In this work, we used the geothermal simulator TOUGH2 (Pruess, 1991, 2004), which canmodel nonisother-
mal flows of multicomponent (water and carbon dioxide) and multiphase (gas and liquid) fluids in porous
and fractured media. Details about the code can be found in Sutton and Mc Nubb (1977), Pruess (1987,
1991), and Moridis and Pruess (1998).

Previous models by Todesco et al. (2003, 2004), Todesco and Berrino (2005), and Todesco (2009) represent
the first attempt to support compatibility between hydrothermal fluids injections in CFc and the resultant
deformation field. They found that the estimated amount of fluids needed to obtain such a deformation
extent is compatible with the measured amount of gas collected at the surface and that the estimated gravity
changes are compatible with the phase variation of the gas involved in the hydrothermal system. However,
their results give no constraints on the location and the extent of the deformation source and there is no eva-
luation on the misfit between the calculated and the measured deformation patterns. In particular, in
Todesco (2009) it is stated the relevance of the source size, the fluid injection rate, and the duration of the
unrest periods for unrest characterisation, that is what we have numerically calculated with our model for
the CFc volcanic system.

To model the spatial and temporal ground deformation pattern of the CF caldera caused by the injection of
fluid batches at depth, we used the steady state flow determined by Petrillo et al. (2013) as a background
pattern for the CFc. This model allowed calculating the pressure and temperature in the steady state for
the whole CFc model. We neglected the changes in the porosity and permeability due to pressure and
temperature variations, since it has already been shown that these effects are generally negligible
(Fournier & Chardot, 2012; Hurwitz et al., 2007; Hutnak et al., 2009). The substantial difference between
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the newmodel and the ones in Petrillo et al. (2013) is the presence of a new extended source. This new source
is not represented as a point because, in order to match the deformation data, it must have a finite extent.

In section 3.2 we will show how this source is constrained by a length of 2 km. Although this source leaves
the structure of the convective cells unchanged (Figure 6), it completely modifies the deformation field. The
computed deformation pattern matches the interferometric SAR data and contemporaneously allows most
of the gas flow to reach the surface around the Solfatara crater.

The computational domain for the CFc consists of a cylinder 3,000 m high and 12,000 m in diameter satu-
rated with water and CO2 and divided into 11,880 variable‐sized elements with a finer discretization toward
the top of the domain (Figure 2). We also consider the topography of the water table onshore and the
bathymetry offshore.

The bottom cells are assigned a permeability approximately 2 orders of magnitude lower than that of the
overlying strata and a temperature fixed at 320 °C. The top boundary surfaces, both onshore and offshore,
are fixed at specific pressure and temperature conditions and open to the flow of heat and fluids. The tem-
perature of the top is fixed at the average value for the area (20 °C), while the pressure is assumed to
be 1.013 bar.

The model is initially saturated by liquid water with low CO2 contents. In the entire domain, the initial total
pressure conditions have been assigned to increase linearly with depth following the hydrostatic gradient.
Initial temperatures are set according to an averaged linear thermal gradient of 0.105 °C/m on the basis of
the geothermal wells drilled in the CF (AGIP, 1987). Quasi‐steady state conditions are achieved by injecting
67 kg/s of a hot (350 °C) mixture of CO2 and H2O at a depth of approximately 2,400 m beneath the Solfatara
crater for 4,000 years. The very low permeability of the layers underlying the injection cell prevents the
downward expansion of the injected fluids. The selected injection rate (67 kg/s of a CO2 and H2O mixture)
approximately matches the CO2 flux measured in the Solfatara area (17 kg/s, Chiodini et al., 2011).
Furthermore, the gas mixture has a CO2/H2O weight ratio of approximately 0.34 (Chiodini et al., 2012).

The numerical computation of Green's function is done by injecting a batch of fluids at a rate of 4,000 kg/s
for 15 days along with the background source beneath Solfatara.

We computed pressure and temperature variations (relative to the steady state) in the hydrothermal system

during fluid injection episodes by using the outputs of the TOUGH2 code. These quantities (i.e., the θ1i in
equation (10)) were then used to compute the corresponding poroelastic and thermoelastic strains
(Rinaldi et al., 2010; Vasco et al., 2002). Finally, using the finite element software COMSOL‐Multiphysics,
we computed spatial and temporal ground deformation patterns related to transient perturbations in the
hydrothermal system. This last numerical step, in practice, performs the integration required by
equation (10).

To perform the quasi‐static elastic modeling, we used a computational volume with a radius of 20 km and a
depth of 20 km. The top surface has been modeled following the topography of the CFc area. The elastic
properties are spatially variable and defined following recently published 3‐D tomographic models
(D'Auria et al., 2008). The source terms, taking into account both thermoelastic and poroelastic strains,
are defined to be spatially variable, and they follow the scalar field of the pressure and the temperature
resulting from the TOUGH2 simulations. The source terms are allowed only within a cylindrical volume
with a radius of 4 km and a high of 4 km, outside that cylinder the source terms are null.

3.2. Determination of the Source Shape and Depth

We assume that during a short‐term uplift phase, the deformation pattern remains essentially unchanged
(Figures A3–A7). This situation is confirmed by various recent studies on the ground deformation source
at Campi Flegrei (Amoruso et al., 2014; Amoruso et al., 2014; D'Auria et al., 2015). This observation justifies

the choice of holding the term qk1 x1ð Þ in equation (8) constant.

To correctly define the shape and depth of the source of these injections (i.e., the cell elements of the function
q1(x1)), we used an exhaustive grid‐search exploration of a subspace, constrained between 2 and 3 km of
depth, with a radius of 4 km centered in Pozzuoli city (center of maximum uplift). Each model consists of
a set of adjacent cells aligned along a straight line, which occupies the 3‐D space of the discretization grid.
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We tested all the possible combinations by considering the straight lines connecting all the possible couples
of cell centers.

We explored the entire model space and defined a misfit function by comparing the synthetic ground defor-
mation pattern to the observed one. Applying equations (9) and (10) to simulate a temporal Green's function
and setting s(t) = δ(t),

θi x; tð Þ ¼ ∫Vq
k
1 x1ð ÞGi x1; 0; x; tð Þdx1 (11)

we compared the synthetic ground deformation at the peak of the injection (i.e., after 15 days) with the
actual ground deformations measured by ENVISAT SAR data relative to the 2000 and 2006 uplift episodes
(D'Auria et al., 2012; Lanari et al., 2004) (Figure 3). The maps represent the line‐of‐sight deformation along
both ascending and descending satellite orbits. Since the aim of this task was to determine the optimal
source shape, we compared simulations and data by normalizing them to their RMS. The misfit function
was then defined as

E mð Þ ¼ ∑i d
2000
i −syi

� �2 þ∑j d2006j −syj
� �2

(12)

whered2000i andd2006j are the normalized SAR data at the maximum deformation for the 2000 and 2006 uplift

episodes, respectively, while sy are the normalized synthetic ground deformation computed for the source
geometry m.

The best fit model consists of a NE‐SW horizontal elongated structure, placed at approximately 2,400‐m
depth and extending from less than 1 km southwest of Solfatara toward Pozzuoli Bay (see Figure 4b). The
source depth has been fixed and has the same value as that used to model the background field
(Figure 2). The minimum misfit is reached with an averaged error of 18%.

We must emphasize that the center of the maximum uplift (Trasatti & Bonafede, 2008) is displaced (see the
contours in Figure 4b) with respect to the Solfatara crater (star in Figure 4b), which is currently the area with
the highest fluid discharge rate (Caliro et al., 2007; Chiodini et al., 2001). This offset suggests that the source
of transient ground uplift episodes is different from that driving the background state of the CFc.

In Figure 4b, we show the distribution of the source cells, defined on the basis of the discretization of the
thermo‐fluid dynamics simulation with TOUGH2.

3.3. Temporal Green's Functions

As noted above, our physical assumption is that transient injection episodes perturb the convective pattern
of the system weakly enough to leave the background steady state substantially unchanged. The lineariza-
tion of the fluid flow equations allows the use of a linear theory to analyze the observed data.

We computed the vertical ground deformation at the center of the caldera and compared it with optical
leveling and GPS measurements, which allows extending the data set since 1987 (De Martino et al., 2014;
Del Gaudio et al., 2010). Hence, by this process, equations (10) and (11) simplify to

ψ tð Þ ¼ zmax tð Þ ¼ ∫
∞
−∞Gz τ; tð Þ s τð Þdτ (13)

where Gz is the Green's function corresponding to the vertical ground deformation at the center of the
caldera and s is the source flow rate. Equation (13) represents a simple convolutional problem that has been
solved using the technique illustrated in section 4.

The Gz values have been estimated numerically by injecting a batch of a pressurized hot CO2‐rich mixture
(H2O/CO2 mass ratio of 0.66) from the elongated structure (Voronoi cells in Figures 2, 3, and 4b). The injec-
tion rate is 4,000 kg/s, and its duration is 15 days, giving a total amount of 5.2 Gkg. In Figure 4a, we show the
numerical Green's function for pure CO2 and H2O fluids and for the CO2‐H2O mixture. All three curves are
almost equal; that is, on short temporal scales, injections of different percentages of the two fluids (preser-
ving the total mass) give similar results. From the separate estimation of the effects of thermoelastic and
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Figure 3. Comparison of the synthetic ground deformation pattern with DInSAR observations related to two deformation
episodes (see D'Auria et al., 2012, for a description of the data set). Columns show the ascending orbits and descending
orbits of the satellites. Simulated and measured data maps show the normalized components of the line‐of‐sight (LOS)
values (rows 1, 2, and 4). The second and fourth rows are related to the 2000 and 2006 uplift episodes, respectively. Maps in
rows 3 and 5 are the residuals between the measured and simulated data; note that we used the same source for both the
episodes. The stars indicate the position of Solfatara. The aligned black dots indicate the source shape.
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poroelastic strains, we observe that the poroelastic is largely dominant at the time scales investigated in this
work (a few years; Figure 5).

In Figure 6, we represent the temporal evolution of the pressure field and of the streamlines after a 15‐day
injection of a fluid batch. We observe that the pressure field reaches a peak at the end of the injection.
The pressurized volume has an elongated shape reflecting that of the source. The background streamline
pattern (at t= 0) is slightly distorted in the volume above the source during the injection. Nevertheless, after
approximately 130 days, the original steady state stream pattern has been almost fully recovered (Figure 6). It
is noteworthy that the main density flux (green cones) remains localized along the vertical axis passing
through the Solfatara crater; this result agrees with measurements in the CF caldera confirming that the sys-
tem quickly comes back to the original state.

To prove the validity of our linear approach as regard the magnitude of the injected fluids, we injected dif-
ferent amounts of the CO2‐rich mixture (H2O/CO2 mass ratio of 0.66). The duration of injections is 15 days
for all the four injections, and the flow rates are 5,360, 1,720, 320, and 120 kg/s. Each fluid injection starts
from the same thermo‐fluid dynamical condition (steady state). We calculated the z pattern as a function
of time, of the maximum deformation point on the surface for the four above cases. As seen in Figure 7a,
the behavior of the four curves with time has similar trends considering both the ascent branches and des-

cent ones. This behavior is satisfied along the entire deformation pattern,
not only for the maximum uplift point (see Figures A3, A4, A5, A6,
and A7).

In particular, to verify the validity of the linearization, we use the curve
relative to the deformation with the smallest source (120 kg/s), comparing
it with the deformation curves for the other three cases. We represent in
Figure 7b the plots of the deformations for the three other cases versus
the first one. The linearity evidently holds since the points align along
straight lines with the angular coefficients equal to the ratio of the injected
amount to the amount of the reference source (the smallest with 120 kg/s).

We have also explored (see Appendix A) the sensitivity of the Green's
function, varying the permeability and porosity parameters in a 3‐D uni-
form domain. We have found that porosity variations in the 10–40% range
produce errors within a factor of 2, while permeability variations in the
10−12–10−16 m2 range can give estimates of the injected fluids that vary

Figure 4. (a) Temporal variation in the maximum ground uplift during the injection of fluids at a rate of 4,000 kg/s for
15 days. The three curves refer to pure H2O (blue), pure CO2 (red), and a mixture of both with a H2O/CO2 mass ratio
of 0.69 (black curve). (b) The map shows the ground deformation pattern at the end of the injection. The shades of color
represent the vertical deformation; the arrows represent the horizontal component. The black star indicates the position of
the Solfatara crater, while the Voronoi tessellation is the trace of the injection fracture (see section 3 for details).

Figure 5. Temporal variations in the maximum ground uplift during the
injection of fluids (H2O/CO2 mixture) at a rate of approximately 800 kg/s
for 15 days. The blue curve is the deformation due to the poroelastic effect
only, while the green curve is the deformation due to the thermoelastic effect
only.
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Figure 6. 3‐D representations of the pressure variations and the flow patterns after a fluid injection episode, where t is the
time in days. The black arrow indicates north; the black star shows the position of Solfatara (0,0,0 coordinate for the
computational model), the red line marks the coast of CF caldera, and the thick red straight line represents the position of
the injection fracture. The green cones show the fluid flow patterns, and dimensions are proportional to the flow mag-
nitude. The flow corresponding to the larger cone is approximately 0.32 × 10−2 kg/(s m2). The two cross sections represent
both the pressure variations (color scale at the bottom) and the flow patterns (streamlines).
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by an order of magnitude. Knowledge of the correct permeable‐porous model is hence crucial for the
applicability of the method to real cases. Our test case is CFc, where most of the observed deformation
events, with time scales of 100–101 years, have been ascribed to hydrothermal system perturbations that
follow the injection of hot, magmatic fluids (mainly CO2‐H2O mixtures) at depth (Chiodini, 2009;
Chiodini et al., 2003, 2012). In particular, in the following section, we will demonstrate the stability of the
elastic response of the system to repeated injections. This condition is essential to define the linearity with
respect to time.

4. Inverse Method and Synthetic Test

In this section we discuss and demonstrate the invariance, with respect to time, of the Green's function. In
addition, we confirm the linear response of the system to different pulses, also when they are multiple and
repeated over time.

We now show how to exploit the observed temporal variations in the ground deformation (zmax) to retrieve
the fluid injection rates (s).

In the following, we use a synthetic test to demonstrate that, in our case, the linearized approach has a range
of validity of approximately 15–20 years. Over longer time scales, repeated perturbations of the hydrother-
mal system could cause permanent modifications in the thermodynamic variables, invalidating the
linearized approach.

We discretize the convolutional model for the observed ground deformation as follows:

zmax tkð Þ ¼ ∑N
i¼0s tk−ið ÞΓ tið Þ (14)

where Γ(t) is the numerical Green's function and N is the number of time samples. We have discretized a
period of 26 years, of the same duration as the CF time series, into 631 samples with a sampling interval
of 15 days. For numerical purposes, Green's function has been discretized using the same sampling. The pre-
vious equation can be written in matrix form as z = Г s, where Г is an N × Nmatrix, z represents the discre-
tized data, and s is the unknown source function.

We solve this problem using a truncated single value decomposition approach (Aster et al., 2004). This tech-
nique allows regularizing the estimated model of the inverse problem by removing the singular eigenvalues
from the generalized inverse matrix. Selection of the correct number of eigenvalues, used for the inversion,
was found using the L‐curve method. The number of selected eigenvalues has been chosen using the Akaike
information criterion (Akaike, 1974). In our case, the Akaike information criterion indicates approximately
100 eigenvalues as the best estimate.

We note that the solution vector s needs to respect a nonnegativity constraint: negative flow values aremean-
ingless from a physical point of view. We have implemented this constraint by exploiting the approach of
Lawson and Hanson (1974).

Figure 7. (a) Temporal pattern of the maximum deformation point on surface related to the 3‐D elastic model of the
Campi Flegrei caldera. The curves were obtained by injecting into the source cells (q1) four different amounts of fluids
(black circles 5,360, red circles 1,720, green circles 320, and blue circles 120, in kg/s, with a H2O/CO2 mass ratio of 0.69).
(b) Plot of the ground deformations associated with the three larger injections vs. the deformation due to the smaller
injection.
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We have tested this approach with a simulated data set. Using the synthetic flow rate pattern shown in
Figure 8b, we have performed the forward modeling described above. That is, using TOUGH2 code we
injected into the model (Figure 2), throughout the source elements, the flow rate represented in Figure 8b.
Then we compute by COMSOL the synthetic ground deformation time series shown in Figure 8a; each point
represents the maximum value of the deformation on the surface versus years. Note that this pattern, as
function of time, is invariant with respect to the x,y coordinate except for a scale factor (Appendix
Figures A3, A4, A5, A6, A7). This series has been inverted (s = Γ−1z), that is throughout the inversion of
the equation (14), we obtain the estimated source flow rate of Figure 8c. Even if repeated injections
alternating with short periods of quiet are poorly separated, the main characteristics of the synthetic source
(Figure 8b) are correctly estimated. The agreement holds also between the estimated and the synthetic
cumulative curves (Figures 8d and 8e). Figure A9 shows the estimate of the associated error.

5. Application to the Whole 1987–2013 Ground Deformation Data Set

Finally, we have extended the application of the method to the whole 1987–2013 data set. We assume that
this deformation time series consists of two different components having distinctive time scales: the first

Figure 8. Results of the synthetic test. (a) Target ground deformation (blue) and the retrieved values (red). (b) Flow rate
pattern used to compute the target ground deformation in a. (c) Retrieved flow rate obtained inverting the target ground
deformation. (d) Target cumulative injected masses. (e) Retrieved cumulative injected masses.
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one takes into account the long‐term trend, and the second one includes the short‐term (<5 years) bumps in
the time series (Figure 9). While the long‐term component could be attributed to the release of magmatic
fluids following the marked 1982–1984 inflation ascribed to the exolution of hypersaline brine and gas
located as a lens at approximately 3‐km depth (Battaglia et al., 2006), the short‐term component has been
related to the injection of new hydrothermal fluids (Chiodini et al., 2012; D'Auria et al., 2012, 2015).

To separate the two components, we used a fifth‐order polynomial constrained to match the relative minima
of the time series (Figure 9a). From the spectral analysis of the original data, the polynomial fit, and the resi-
duals (Figure 9c), it can be seen that this filtering procedure allows a good separation between short‐term
(<5 years) components and the long‐period trend.

Todesco et al. (2004, 2010) and Todesco (2009), who previously combined TOUGH2 and deformation mod-
eling, showed how repeated fluids injection in the Campi Flegrei hydrothermal system could explain the
short‐term deformation path. In our inverse scheme we give a method that quantitatively estimates the
injected fluids into the hydrothermal system from the observed deformation pattern.

Figure 10a shows that the true deformation pattern matches well with the synthetic data estimated by the
inversion procedure. The retrieved flow rate (Figure 10c) has been used as input for a thermo‐fluid
dynamics simulation.

From the results of this time‐varying simulation, we have computed the synthetic ground deformation time
series (Figure 10b) using the procedure described in section 3. The simulated deformation pattern
(Figure 10b) shows good agreement with the measured time series (Figure 10a), demonstrating that our lin-
earized approach provides a good approximation for the thermo‐fluid dynamics modeling of hydrothermal
systems; the associated error gives a misfit of approximately 20%. The main differences are found toward the
end of the simulated period and consist of a persistent deformation of approximately 2 cm. This result can be

Figure 9. Ground deformation data set. (a) The blue curve shows the observed ground deformation at the point of max-
imum uplift. The blue points represent individual measurements. The dashed blue line is the polynomial fit (see section 5
for details). (b) Residual ground deformation after the removal of the polynomial fit. (c) Maximum‐entropy spectra for
the original data (blue curve), the polynomial fit (dashed blue line), and the residuals (red curve).
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explained by invoking a progressive deviation from the background steady state because of the repeated
injections. Indeed, as we have already stated in section 2, the basic assumptions of the perturbative
formulation begin to lose validity over long time intervals (approximately 15 years).

Figure 10c compares the estimated flow rates with the previously retrieved injections, using a trial‐and‐error
approach to fit the observed geochemical time series (i.e., fumarolic compositions; for further explanations,
see Chiodini et al., 2012). The figure highlights good matches between the two independent series for the
first events in 1990 and 1994 and for the sequence of injections that occurred after 2005 (note that the
Chiodini et al., 2012, simulation ended in 2010, i.e., before the last deformation peak). The deformation peak
that occurred in 1996–1997 does not correspond to any geochemically derived event, but in this period, the
discrepancy can be due to a break in the compositional series of Solfatara fumaroles. The only evident dif-
ference is seen in the deformation events of 2000, when the high fluxes estimated with the new approach
correspond to geochemically retrieved events of much lower magnitude. This outcome is not surprising
because it has already been noted (D'Auria et al., 2011) that the 2000 uplift episode did not cause strong geo-
chemical anomalies, most likely because it was caused by a pressurization event not followed by a corre-
sponding fluid injection in the fumarolic system of Solfatara. This observation points to an obvious limit
for the new approach: it cannot work correctly if the inflation pulse is caused by a deep process of

Figure 10. Results of the inversion on the Campi Flegrei caldera data set. (a) True data (blue circles) and inversion results
(red Xs). (b) Simulated ground deformation pattern using the estimated flow rates. (c) Estimated flow rate pattern. The red
bars on this plot are the injections retrieved by Chiodini et al. (2012) using a trial‐and‐error approach to fit observed
geochemical time series. The scale for the injections is on the right. (d) Cumulative mass of the retrieved injection rate.
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pressurization not followed by fluid transfer in the upper portion of the system. In any case, it has to be
underlined that the method involves the entire amount CO2/H2O injected into the geothermal system of
the CF caldera, while in geochemical works similar to Chiodini et al. (2012), the estimates are made in a
more restricted area (a few km2). Presumably, these considerations should be a stimulus for geochemical
campaigns extended to areas comparable with the extent of the whole caldera.

6. Conclusions

Fluid injections are the possible source mechanism for deformation in active calderas (Bonafede, 1991;
D'Auria et al., 2012; Hurwitz et al., 2007). This work successfully focused on the development of a tool able
to quantitatively estimate the fluid injection rate from the observed ground deformation.

In section 2, we briefly outlined the mathematical background of the perturbative approach to nonlinear
fluid dynamics problems, discussing the general validity conditions. We explored (Appendix A) the sensitiv-
ity of Green's function, varying the permeability and porosity parameters in a 3‐D uniform domain. We
found that porosity variations in the 10–40% range produce errors within a factor of 2, while permeability
variations in the 10−12–10−16 m2 range can give estimates of the injected fluids that vary by an order of mag-
nitude. Knowledge of the correct permeable‐porous model is hence crucial for the applicability of the
method to real cases. Our test case is CFc, where most of the observed deformation events, with time scales
of 100–101 years, have been ascribed to hydrothermal system perturbations that follow the injection of hot,
magmatic fluids (mainly CO2‐H2Omixtures) at depth (Chiodini, 2009; Chiodini et al., 2003, 2012). The areas
of the most intense degassing at Campi Flegrei do not coincide with the area of maximum ground deforma-
tion. Exploring the whole model space constraining the single source, the alignment of the source cells, and a
common source flow rate for each cell, we have matched the observed SAR deformation pattern with the
synthetic model, determining the source shape and position. Our finding is that the fluids responsible for
the short‐term (<5 years) deformation patterns are released at a depth of approximately 2,400 m from an
elongated fracture located approximately at the center of the caldera (Figure 3). This result suggests that
the fluids injected along the fracture are essentially transported by a preexisting convective flow pattern
dominated by the ascending plume below the Solfatara crater (Figure 6). Using a steady state model of the
CFc hydrothermal system (Petrillo et al., 2013) as a reference background, we estimate the injection rates
of the hot volcanic fluids for the last 25 years (Figure 10) at the CFc.

The linear inverse procedure used, based on numerical Green's functions, correctly models the measured
deformation time series. The comparison between the modeled injection events and the events previously
simulated with a purely geochemical approach (Chiodini et al., 2012) highlights a good correspondence
between the two independent results, with the only significant difference regarding the event in 2000, which
was probably produced by a relatively deep pressurization process without significant fluid transfer in the
overlying hydrothermal system. In spite of this discrepancy, the new results confirm one of themain findings
reported in Chiodini et al. (2012): the amount of fluids involved in each degassing event is of the same order
of magnitude (100–101 Gkg) as that involved in the low‐ to medium‐size eruptions.

In conclusion, the linearized approach used in this work shows promising prospects for the study of short‐
term perturbations of hydrothermal systems, and in particular, it can be useful for volcano and geothermal
monitoring applications, allowing a quick quantification of mass and energy budgets during episodes of vol-
canic unrest and hence providing a valuable tool for decision makers.

Appendix A

In this section, we show the dependency of Green's function on two parameters: permeability and porosity.
The simulations are based on a 3‐D domain (see Figure 2) with a uniform distribution of the two parameters,
varying the permeability of the model from 10−12 to 10−16 m2 and the porosity from 10 to 40%.

The thermodynamic initial conditions are 0.09 °C/m for the temperature gradient and 9,000 Pa/m for the
pressure gradient. We have injected water with an enthalpy of 2.6 × 106 Joule/kg at a depth of 2,550 m
neglecting the amount of CO2, as we have found that Green's function depends (at least for a limited time
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Figure A1. Numerical simulations showing the dependence of Green's function on permeability. The figures show the maximum vertical deformation at the sur-
face as function of time after the injection of a batch of fluid. The strong difference among all the deformation responses is evident. Low permeability largely
expands the deformation response.

Figure A2. Numerical simulations showing the dependence of Green's function on permeability and porosity. The figures
show the maximum vertical deformation at the surface as function of time after the injection of a batch of fluid. Green's
function expands and shortens in both simulations as porosity increases.

Figure A3. Numerical simulations showing the z‐deformation pattern due to an injection at 2,550‐m depth. The vertical
scales are different to show the high similarity among the patterns.
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interval) almost completely on the amount of the injected mass, rather
than on the proportions of the two components (Figure 4a).

In Figure A1, we show the results of a set of simulations based on five dif-
ferent models with a homogeneous distribution of permeability. The
deformation calculated for a point at the surface (corresponding to the
injection point at depth) of an elastic uniform half‐space with a shear
modulus of 8 × 109 Pa is shown. The durations of the two deltas (pulses
of injections) are approximately 30 days for the three simulations related
to the low‐permeability models, while for the model with the higher per-
meability (10−12 m2), the duration is several hours. Moreover, we have
constrained the amount of the injected fluid, fixing the value at approxi-
mately 1010 kg for all five simulations. In the inverse procedure, the dura-
tion of the delta function must be much less than the relaxation time to
allow a correct reconstruction of the injected fluid history. The strong dif-
ference among all the deformation responses is evident, with trends
depending on the permeability value assigned to the model. As expected,
low permeability greatly widens the deformation response. Low perme-
ability also confines fluids in the injection zone, increasing the duration
of the pressure pulse. Conversely, high permeability allows a rapid
decrease in the pressure near the source. This dependency implies the
need for knowledge about permeability for the application of our method
to real cases to obtain a correct estimate for the amount of injected fluids.

In Figure A2, we show the results of tests on two models with permeabil-
ities of 10−12 and 10−14 m2 and porosities of 10% and 40%. The behavior of
the delta function has a common characteristic: as the porosity increases,
the delta widens depending on the assigned porosity values, and the
amplitude decreases with increasing porosity. Although the response
depends even on the porosity, this variable has values that do not affect
the order of magnitude of Green's function. The permeability remains
the more critical parameter.

The basic assumption of our method is that the uplift of each surface ele-
ment is correlated to all the others; on this basis, we can analyze the tem-
poral pattern of each single element as representative of all the surface, in
particular. To test our hypothesis about the stability of the deformation
temporal pattern, we have simulated an injection episode of approxi-
mately 1010 kg at 2,550‐m depth in a half‐space with a permeability of
10−14 m2, a porosity of 10%, and a shear modulus of 3 × 109 Pa. In
Figure A3 four snapshots of the deformation due to an injection of hot
water at a constant rate of 106 kg/s for approximately 104 s are shown.

After approximately 3 hr (the end of the injection), the deformation
remains at the same level for up to 10 days and then slowly decreases,
but the shape remains almost the same. To evaluate the degree of correla-
tion, we show the correlation matrix (Figure A4) among all the snapshots
(100) spanning the times from t = 0 to approximately t = 4 years. A corre-
lation of 1 implies that all the deformation patterns are linearly dependent
on each other. Our results show that there is a very good general correla-
tion among the snapshots; the worst results with a minimum correlation
equal to 0.9 happen when we compare the first snapshots with the last
snapshots relative to time on the order of years.

In Figure A5, we show the values of the correlation matrix relative to a
case where the homogeneous half‐space has a porosity of 10% and a per-
meability of 10−12 m2; the process of inflation and deflation is very

Figure A4. Correlation coefficients matrix obtained among the snapshots of
z‐deformation patterns due to an injection at 2,550‐m depth in the temporal
interval [0 4] years. The model has a porosity of 10% and a permeability
of 10−14 m2.

Figure A5. Correlation coefficients matrix obtained among the snapshots of
z‐deformation patterns due to an injection at 2,550‐m depth in the temporal
interval [0, 8] days. The model has a porosity of 10% and a permeability
of 10−12 m2.

Figure A6. Correlation coefficients matrix obtained among the snapshots of
z‐deformation patterns due to an injection at 2,550‐m depth in the temporal
interval [0 8] days. The correlation analysis is limited to pixels included in
an 8‐km diameter around the injection source. The model has a porosity of
10% and a permeability of 10−12 m2.

10.1029/2018JB015844Journal of Geophysical Research: Solid Earth

PETRILLO ET AL. 1052



quick (see the case for 10−12 m2 in Figure A1). In this case, the very good
correlation is evident as the lower correlation is 0.94.

In any case, the decrease in correlation depends on the pixel of the snap-
shots farther from the point source. If we reduce the analysis to a diameter
of 8 km around the source, the mean value of the correlation matrix
strongly increases with a minimum of correlation equal to
0.98 (Figure A6).

In the last figure (Figure A7), we show the correlation matrix in a case
with the permeability value set to 10−15 m2; this case is closer to our
mean value of permeability used for the real case. To better follow the
nature of the phenomenon, we use snapshots with increasing
temporal interval.

Our results show that for up to 30 years, the correlation among the snap-
shots is greater than 0.98, while the z‐deformation reduces the correlation
value to 0.92 only when we consider the deformation hundreds of years
after the injection.

In the following figure (Figure A8) we show an enhanced color map of the residuals relative to the e, f, i, and j
subplots of Figure 3 in the text.

At this order of approximation we can appreciate the difference between the modeled and measured defor-
mation pattern. This remaining deformation field, not explained by the source we have found, seems to have
amultipolar behavior. In any case it seems that the shape of this residual field appears again stable in the two
episodes even with some differences.

Finally, we show (in Figure A9) the relative and absolute error on the injected flux of hot fluid into the
hydrothermal system. The error is estimated by the comparison of the reconstructed amount (inversion
scheme) of injected mass (Figure 8e) with the injected fluid in the simulator TOUGH2 (Figure 8d).

Figure A7. Correlation coefficients matrix obtained among 8 snapshots of
z‐deformation patterns due to an injection (5 × 109 kg in 106 s) at 2,550‐m
depth in the temporal interval [0 300] years. Themodel has a porosity of 10%
and a permeability of 10−15 m2.

Figure A8. Residuals maps representing the e, f, i, and j subplots of Figure 3 in the text, with different residuals scale. The
stars indicate the position of the Solfatara crater. The aligned black dots indicate the source shape.
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