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We analyze the crustal rheology beneath the active resurgent Campi Flegrei caldera (CFc) in Southern
Italy by modelling the 3D brittle-ductile (B/D) transition, based on available thermal, geological and
geophysical data. Firstly, the thermal field in the conductive physical regime is modeled using a finite
element method; based on an optimization tool, this method is applied to evaluate the location and
dimensions of the deep thermal source beneath the caldera. A horizontally-extended thermal anomaly
located at about 5000 m depth below sea level is identified beneath Pozzuoli Bay, a part of the CFc. The
same isotherm is located at a depth of 20,000 m beyond the caldera. This indicates a higher horizontal
temperature gradient in the caldera with respect to the surrounding area. Next, we utilize this thermal
model to image the 3D rheological stratification of the shallow crust below the caldera with two different
values of strain rates. Within the caldera, the B/D transitions with ¢ equal to 1072 s~ " and 108 s~ are
located at 3000 m and 5000 m depths, respectively. Outside the caldera, the transition is very deep
(15,000—20,000 m), seemingly uninfluenced by the thermal state of the CFc volcanism. Finally, we
compare these results with the spatial distribution of earthquake hypocenters, Benioff strain release and
b-value distribution to investigate the relationship between crustal rheology and seismicity character-
istics. Our analysis reveals that the image of the B/D transition is in agreement with the distribution of
earthquake hypocenters, constraining the potential seismogenic volume of the region. Our study dem-
onstrates that knowledge of the rheological state of a volcanic system is an important element to
interpret its dynamic, forecast future activity and improve evaluation of the associated seismic hazard.
© 2018, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

million people. The CFc is a thermally-active Quaternary resurgent
caldera (Chiodini et al., 2010) located within the Campanian Plain,

The last decade saw significant advances in our understanding
of the rheology of rocks and associated geological processes. The
thermo-rheology of rocks is a crucial factor in understanding the
mechanical behavior of the crust in tectonically active areas (Ord
and Hobbs, 1989). Several studies have been performed in order
to understand the role of the thermal state of the crust plays in the
evolution of volcanic areas (Ito, 1993).

In this work, we analyze the crustal rheology of the Campi
Flegrei caldera (CFc), a high hazard volcanic area comprising part of
the Naples metropolitan area (Italy) and thus threatening about 1.5
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which is a graben-like structure at the eastern margin of the Tyr-
rhenian Sea (Luongo et al., 1991). The current CFc landscape was
shaped by two main explosive eruptions, the older of which
occurred about 40 kyrs ago (Di Vito et al., 1999; Scarpati et al., 2013)
and erupted about 100 km® of Dense Rock Equivalent (DRE)
(Wohletz et al., 1999), producing a thick layer up to 100 m, called
Campania Ignimbrite (CI). The younger explosive eruption is dated
at about 15 kyrs and erupted about 50 km? of DRE producing a thick
tuff, called Neapolitan Yellow Tuff (NYT) (Wohletz et al., 1999;
Smith et al.,, 2011) (Fig. 1). The last eruption of the CFc occurred
in 1538; it was mainly phreatomagmatic (Smith et al., 2011) and
formed a 150 m high spatter cone, called Mt. Nuovo. Currently, the
caldera is affected by significant deformation, characterized by
episodes of inflation and deflation, which appear to have a rough
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Figure 1. Geology of the CFc. Simplified geological map imposed on a shaded relief DEM of the area. Inset in the upper right corner shows the location of the study area.

circular symmetry of about 6000 m radius; there are no macro-
scopic differences of shape and size between episodes (Avallone
et al., 1999; Orsi et al., 1999; Lundgren et al., 2001). In the last 70
years, the CFc has undergone at least three episodes of major uplift.
The first episode occurred between 1950 and 1952, and resulted in
a total uplift of about 0.7 m. This episode was not accompanied by
significant levels of seismicity (Del Gaudio et al., 2010). The second
episode, between 1968 and 1972, resulted in an uplift of about
1.77 m accompanied by moderate seismicity (M < 2.5). The third
episode (1982—1984) had a total uplift of about 1.8 m and was
characterized by intense seismicity, with more than 16,000 earth-
quakes having magnitudes up to 4.2 (D’Auria et al.,, 2011 and ref-
erences therein). The seismicity of the last episode was recorded by
dense seismic networks, allowing accurate hypocenter locations;
most of these earthquakes occurred at shallow depths (less than
3000 m). Spatial distribution of the strain release showed marked
concentration around the Solfatara crater. Clusters of earthquakes
were also located beneath the town of Pozzuoli and the Pozzuoli
Bay (D’Auria et al., 2011; De Siena et al., 2017).

The thermal field data indicate a significant anomaly in the
caldera, with a temperature of about 400 °C measured at 3000 m
depth. Moreover, surface geothermal gradients from shallow
boreholes showed a value of 3—4 Heat Flux Unit (HFU) (Corrado
et al,, 1998). Seismic wave attenuation studies corroborate these
findings and provide an overall picture of the thermal regime in the
upper crust of the caldera (De Lorenzo et al., 2001).

The possible presence of a magma reservoir at about 5000 m
depth is suggested by the identification of a P-SV converted phase
in a seismic profile (Ferrucci et al., 1992), by the maximum depth of

earthquakes (De Natale et al., 1995), and by petrological and
geochemical data (Civetta et al., 1991). Previous studies document
the existence of a magma chamber beneath the caldera (Rosi and
Sbrana, 1987; Villemant, 1988; Civetta et al., 1991; Trasatti et al.,
2008), and that it is likely located at shallow depth
4000—5000 m (Ortiz et al., 1984; Berrino et al., 2008). More
recently, De Siena et al. (2017) suggested an area of high-
attenuation between 4000 and 4500 m depth. In addition, petro-
logical and isotopic data show that the magmatic system, before the
NYT eruption, was refilled by variable-sized batches of magma
(D’Antonio et al., 1999; Pappalardo et al., 1999).

In order to investigate the shape of the magmatic source
responsible of the high thermal gradient observed at the CFc,
Wohletz et al. (1999) and Orsi et al. (1999) performed 2D numerical
simulations to account for conductive and convective heat transfer
in magma reservoirs of various sizes, by taking into consideration
actual thermal measurements. They verified that the contribution
of convective heat transfer is enough to justify the temperature
variations with depth observed in geothermal wells distributed
across the caldera (Agip, 1987).

Despite many studies that focus on imaging the internal struc-
ture of the CFc, the 3D thermo-rheological stratification of the crust
below the caldera has not yet been adequately described. To bridge
this gap, we model the 3D brittle-ductile (B/D) transition through
an analysis of thermal, geological and geophysical data. We first
perform a 3D finite element (FE) modelling of the conductive
thermal field by using a priori geological and geophysical infor-
mation. With a Monte Carlo search method, we then define the
dimensions and location of the deep thermal source beneath the
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caldera, and image the 3D rheological stratification of the shallow
crust with the retrieved thermal model. Finally, we compare our
results with the spatial distribution of hypocenters, Benioff strain
release and b-value distribution, to evaluate the relationship be-
tween crust rheology and natural seismicity. Our analysis revealed
that the image of the B/D transition has an important implication in
constraining the seismicity distribution and the potential seismo-
genic volume of the area.

2. Data input

The CFc region has been intensively explored for nearly a cen-
tury to evaluate the geothermal potential of the Neapolitan volcanic
district. Initial geothermal explorations in the CFc were carried out
by the SAFEN Company in 1939 and 1953. The company drilled
several wells with depths ranging from a few meters to 600 m near
Mofete, west of Pozzuoli City (Fig. 2). Shallow drilling demonstrated
regional potential geothermal energy extraction, with tempera-
tures of about 200 °C at depths of 500 m. These high temperatures
stimulated further interest in geothermal research, which led to the
development of a new regional drilling program, carried out be-
tween 1977 and 1985, by the AGIP-ENEL joint venture (Agip, 1987;
Carlino et al., 2013). Geothermal gradients were measured in seven
boreholes drilled as part of the AGIP-ENEL joint venture and two
SAFEN deep geothermal boreholes (Fig. 2) (Agip, 1987; Bianchi
et al,, 1987). These drill sites are located in three main areas:
Mofete, Licola, and San Vito (Fig. 2a). Thermal measurements
indicate that the highest gradients are found at Mofete, where
hydrothermal activity has been observed (De Vivo et al., 1989;
Chiodini et al., 2010; Mormone et al., 2015). This effect is less
apparent at San Vito and completely absent at Licola, drilled outside
the caldera margin.

Subsequently, Corrado et al. (1998) proposed a heat flow density
map of the CFc made by considering thermal measurements carried
out in 30 shallow water wells (up to 140 m deep). We extrapolated
heat flow values corresponding to the nine boreholes from Corrado
et al. (1998), and also evaluated the heat flow value at the Mt.
Nuovo measurement point, in the absence of a thermal deep
borehole (Fig. 2a).

In order to calibrate the 3D FE thermal model of the crust
beneath the CFc through the Monte Carlo optimization procedure,
we consider available thermal measurements of the area from nine
deep geothermal boreholes and ten heat flow measurement points
(Fig. 2b, Section 3). Conductive thermal modelling is performed on
numerical domains that include the Campania Ignimbrite caldera
and the surrounding areas, to a crustal depth of 20,000 m. The
model is built up by integrating the available geological and
geophysical information. To assess mechanical properties of the
crust, we take into account the shallow lithological succession
obtained in a seismic tomography study by Chiarabba and Moretti
(2006) and gravimetric inversion, presented by Berrino et al.
(2008). To define the Moho depth, we consider the model pro-
posed by Ferrucci et al. (1986), which shows a crust/mantle tran-
sition at a depth of less than 25,000 m. We evaluate the data
distribution in the volume through a gridding technique that allows
interpolation of scattered data points into a uniform lattice. We
obtained the 3D density and thermal parameters (thermal con-
ductivity k and specific heat capacity distribution Cp, reported in
Table 1; Wohletz et al., 1999; and reference within) distribution by
using inverse distance weighting (IDW), a deterministic method for
multivariate interpolation of a set of scattered points (Goovaerts,
1997). Thermal conductivity values are calculated by considering
the Chapman and Furlong (1992) equation, in order to take into
account their dependence on temperature and depth. The results of
the multivariate interpolation are displayed in Fig. 3a.

3. 3D thermal FE model

In order to investigate the thermal state of the first 20,000 m
beneath the CFc, we executed a stationary 3D FE model in a
conductive physical regime, excluding the convective heat
component that is confined to the shallow hydrothermal system.
We support the initial assumption of stationary propagation of a
thermal wave by computing the thermal wavelength that propa-
gates in a medium having the same physical properties as the CFc.
For a period of about 40 kyrs BP (i.e. dating the CI eruption as
representative of the main thermal climax event), the calculated
thermal wavelength is about 1000 m (Turcotte and Schubert, 2002).
Thus, measured data does not support detailed time-varying
models; the wavelength propagation due to high frequency ther-
mal events (i.e., for an event that occurred about 4 kyrs BP) is too
small to affect the shallowest portion of the crust (first
2000—4000 m of depth), where the data are recorded.

In this physical scenario, following Fourier’s law, we consider
heat transfer to be stationary. Hence, the governing equations to
solve our problem in a conductive regime are:

p-Cp-VT = V-4 +Q (1)

where p (kg/m?) is the density of the rocks, G is the specific heat
capacity (J/kg K), T is the absolute temperature (K), ¢ (W/m?)is the
conductive heat flux vector and Q is the volumetric heat source
production (W/m?). The conductive heat flux vector is represented
by:

q = —kvT (2)

where k (W/m K) is the thermal conductivity.

The initial model setting is implemented by considering crustal
heterogeneities presented in the previous section (Fig. 3a). We
define the 3D domain in which mechanical and thermal hetero-
geneities are included as functions F(x,y,z) with a 500 m x 500 m
resolution. The computational domain is characterized by a size of
38,000 m x 32,000 m x 20,000 m in the east, north and vertical
directions, respectively. Subsequently, we defined the mesh
domain, discretizing the 3D geometry with about 45,360 tetrahe-
dral elements, characterized by maximum and minimum sides
equal to 1500 m and 500 m, respectively, and using a cubic shape
function. A finer mesh would have improved the results by less
than 5% (Zhang and Zhu, 1998). The geothermal gradient of dT/
dz = 30 °C/km is used to set the initial values of crustal tempera-
ture (Fig. 3b). Following the results from Wohletz et al. (1999) and
considering the gravimetric data interpretation (Fedi et al., 1991;
Berrino et al., 2008), we assume an oblate spheroid as the heat
source, that simulates well the geometry of a funnel-shaped
magma chamber with a flat top; its surface temperature is fixed
at 880 °C, based on temperatures reached in a rhyolitic magmatic
chamber (Chiodini et al., 2016).

As boundary conditions, we consider: (1) outgoing heat, flowing
from the upper part of the computational domain, i.e., the ground
surface; (2) temperature, set by the continental geothermal
gradient bounding the four sides of the domain; and (3) an inner
heat flux condition at the bottom of the domain (20,000 m depth),
according to the Moho heat flow (Fig. 3b).

Following Castaldo et al. (2017), we propose an optimization
procedure based on minimization of the difference between the FE
model predictions and observations (i.e., residuals), which are
derived by the heat flow and thermal borehole data. We combine
benefits of FE environments with the Monte Carlo optimization
method (Sen and Stoffa, 2013) to evaluate geometric source param-
eters related to the oblate spheroid located beneath the CFc.
Following this procedure, several forward models that depend upon
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Figure 2. Thermal data. (a) Location of geothermal boreholes (black triangles) (Agip, 1987; Carlino et al., 2013) and heat flow measurement points (colored circles) (Corrado et al.,
1998) imposed on the CFc SRTM DEM. The black and blue dotted lines (also marked in Fig. 1) indicate the borders of the two explosive caldera-forming eruptions, the Campanian
Ignimbrite (CI) and Neapolitan Yellow Tuff (NYT), respectively (Orsi et al., 1999). Points A and B indicate the location of the rheological vertical profiles reported in Fig. 6a. (b) Vertical
temperature profiles for geothermal boreholes considered in this study are shown (Agip, 1987; Carlino et al., 2013).

oblate spheroid geometric source parameters are executed; the
source parameters are the major (a) and minor (c) axes of the oblate
spheroid representing the heat source, and the depth of its center
(z¢). These three parameters are targets of the optimization proced-
ure and are examined over a combination of values within the
bounding volume of the computational domain (Table 2). The best-fit

solution is selected from among 350 forward models, on the basis of a
simple Root Mean Squared Error (RMSE) criterion. The results of
quantitative comparisons between the optimized model, geothermal
borehole and heat flow measurements are shown in Fig. 4 and
Supplementary Table S1, respectively. Fig. 4a shows a general good
agreement between thermal data and model results, except for the
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Table 1
Density and thermal parameters (Chelini and Sbrana, 1987; Wohletz et al., 1999) of
rock successions.

Table 2
Geometric model parameters: bounding of unknown parameters (a: major axis; c:
minor axis; z.: center of depth) and the estimated values.

Rocks Density  Specific heat Thermal
(kg/m?) capacity (J/kg K) conductivity (W/m K)
Polygenic tufites 2300 600 1.5
Magmatic chamber 2500 900 3
Carbonate bedrock 2600 850 2.5
Crystalline metamorphic 2800 1000 2
Upper mantle 3000 1100 1.5

Mofete boreholes (MF1 and MF2), where a major discrepancy was
found. The heat flow values also show high discrepancy with respect
to modeled estimates in the Mofete and Agnano thermal areas
(Supplementary Table S1). These differences could be explained as:
(1) the effect of shallow hydrothermal activity suggested by miner-
alogical studies (De Vivo et al., 1989; Chiodini et al., 2010; Mormone
et al., 2015), (2) lateral variations in the thermal conductivity distri-
bution used in our model (Wohletz et al., 1999; Carlino et al., 2013),
and (3) the impact of an advective component on the thermal state,
likely due to the existence of structures at the boundary of the NYT
caldera, which could explain the anomalous behavior with respect to
our conductive model results.
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The estimated best source geometric parameters are reported in
Table 2. The retrieved values indicate a heat source extending
horizontally for about 7000 m, with a flat top and located at about
5000 m depth.

In Fig. 5, the retrieved 3D distribution of temperature beneath
the CFc is shown. The results of the FE conductive thermal model
show a thermal anomaly beneath the Pozzuoli Bay, with temper-
ature values of about 800 °C, located at a depth of 5000 m below sea
level. The same isotherm, located at a depth of 20,000 m outside
the CFc, indicates a higher horizontal gradient of temperature in the
CFc with respect to the surrounding area. The upper surface of the
3D image depicts the heat flow map.
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Figure 3. Input parameters of FE modelling. (a) From left: density, thermal conductivity (k) and specific heat capacity distribution (C,) beneath the CFc, respectively (Chapman and
Furlong, 1992; Wohletz et al., 1999; Chiarabba and Moretti, 2006; Berrino et al., 2008). (b) Discretized model domains through tetrahedral elements and boundary conditions
applied in the FE analysis. The vertical profile represents the initial temperature of the model.
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geometric parameters.

4. Rheological model and natural seismicity

The concept of a rheological profile was first developed by
Goetze and Evans (1979), assuming that the deformation regimes
for any given rock can be subdivided into two domains: brittle (B)
and ductile (D). The B/D transition in the crust is thought to be
related to the seismic-aseismic boundary. The thickness of the

seismogenetic layer and consequent regional variations in the
cut-off depth of seismicity are closely related to the strength of the
crust (Meissner and Strehlau, 1982).

Brittle behaviour is generally expressed by a linear friction
failure law, proposed by Sibson (1974):

(01 —03)p = B-p-g:z-(1-4) (5)
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where ¢1 (Pa) and o3 (Pa) are maximum and minimum compressive faulting (3.0, 1.2 and 0.75 for thrust, strike—slip and normal faulting,
stresses respectively, p (kg/m?)is the density of the material, g (m/s?) respectively).

is the acceleration due to gravity, z(m) is the depth, A (—) is the pore At sufficiently high temperatures, the creep strength (i.e., the
fluid factor, and § (—) is a parameter that depends on the type of stress difference necessary to achieve a given strain rate) strongly
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depends on temperature. This regime is empirically described by a
power—law creep (Kirby, 1983):

(01— 03)p = (&/A)!/me(@/mRD) o

where : is the strain rate, A(MPa™ s~ ') and n (—) are parameters of
the medium, Q (kJ/mol) is the activation energy for creep, R (J/mol
K) and T (K) are the gas constant and temperature field distribution,
respectively.

By considering the geological and structural information, sum-
marized in section 2, we compute two crustal rheological profiles
by using the retrieved thermal field: the first is located in the
central part of the CFc, while the second is outside the caldera rim
(see Fig. 2 for locations). In Fig. 6 all the solutions for the three §
values are shown. However, given that the prevailing faulting
regime is extensional, we choose a § = 0.75 as a representative
value of rheological brittle regime at the CFc.

For the sake of completeness, we also present a dataset of 237
focal mechanisms reported in the time interval 1983—2013
(Fig. 6a). They show a scattered distribution with dominance of
normal faulting mechanisms, suggesting a predominantly exten-
sional regime, at least at the centre of the caldera which supports
the choice of 8 = 0.75.

The density distribution p(x,y,z) (kg/m?>) varies with depth; the
density-depth profile is plotted in Fig. 6b. Ranalli and Murphy
(1987) estimated a pore fluid factor (1) of 0.36. We chose two
values of strain rate ¢ based on the time interval under observation,
10~'2 s, which represents the rate of the phenomenon relative to
a time interval of the order of 10°—10° yrs and it is compatible with
the starting time of volcanic activity in the Campanian Plain
(Brocchini et al., 2001). The second ¢ value of 10-8 s~1 is considered
for phenomenon relative to a time interval of 10—100 years, rep-
resenting a time window of an acquired time-dependent dataset
(i.e., deformation, seismicity, temperature). To calculate the B/D
transition we used three different values of A, n and Q for the upper
crust, lower crust and upper mantle, respectively; these values are
listed in Table 3. The rheological profile inside the caldera (Fig. 6b)
shows that a shallow B/D transition with ¢ equal to 10712 s~ is
located at about 4000 m depth. On the contrary, the B/D transition
outside the caldera is very deep (15,000—20,000 m), as shown by

(@)

p=3

Table 3

Physical parameters used to calculate the rheological modeling. A and n are the
material creep parameters, and Q is the activation energy for creep behavior (Ranalli,
2001; Solaro et al., 2007).

Layer A (MPa™s71) n(-) Q (kJ/mol)
Upper crust (polygenic tufites) 13-1073 24 220
Lower crust (carbonate badrock 3.2-10°3 3.2 270

and crystalline metamorphic)
Upper mantle 1.4-10% 4.2 450

the rheological profile, and is not influenced heavily by the thermal
state and the geological condition of volcanism at the CFc.

Recent seismicity at the CFc (1982—2016) is characterized by
highly erratic behaviour. The onset of the ground uplift in 1982 was
followed, a few months later, by a progressive increase in seismicity
in terms of both event occurrence rate and magnitude. Seismicity
reached a peak, culminating in the M = 4.2 event of October 4th,
1983. Until the end of 1984 its level remained high, with the
occurrence of eight events having magnitude range >3.8 (D’Auria
et al,, 2011). At the beginning of 1985, ground uplift reverted to
subsidence and seismicity dropped quickly due to the release of
stress in the Mofete-Mt. Nuovo area (De Siena et al., 2017). A total of
about 16,000 earthquakes were recorded during the interval
1982—1984. In the following decades, ground levels showed almost
continuous subsidence until 2005. During this interval three epi-
sodes of minor uplift (a few cm) were observed, accompanied by a
few small magnitude earthquakes (M < 2.5). They occurred
frequently in 1989, 1994 and 2000, respectively. Since 2005,
together with a reversal in the deformation trend, from subsidence
to uplift, a moderate increase in the seismicity rate was also
observed, consisting of small magnitude earthquakes (M < 2),
usually clustered within seismic swarms (D’Auria et al., 2011). The
last significant swarm occurred on September 7th, 2012; about 200
earthquakes were recorded, the largest with magnitude 1.8.

The spatial distribution of earthquakes during the period under
consideration shows two main clusters: one extending from the
Solfatara crater to the town of Pozzuoli and the other within the
Bay of Pozzuoli (see Fig. 7a and b). According to De Siena et al.
(2017), the earthquake cluster beneath Pozzuoli-Solfatara is
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Figure 6. Rheological profile. (a) Triangular diagram built by relating 237 focal mechanisms. (b) Vertical rheological profile where black lines represent three different § values. The
image region shows density variation with depth. Red curves show ductile behavior calculated with ¢ equal to 10712 (s~") for the inner and outer caldera points (see Fig. 2a for their

locations, labeled A and B). Violet line indicates the Mohorovicic discontinuity.
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characterized by deeper Pozzuoli earthquakes to shallower Sol-
fatara ones. The depth distributions of the Benioff strain release
(Benioff, 1951), of the energy and number of earthquakes (Fig. 8)
show clearly that most of the seismicity occurs above 4000 m
depth. The b-value curves shown in Fig. 8d—f are computed using
earthquakes having magnitudes higher than 1.0. This value is
above the magnitude of completeness, which for this catalogue is
0.5 (D’Auria et al., 2011). Uncertainty has been estimated using the
formula of Aki (1965). The b-value is 1.2 close to the surface, and
decreases reaching a minimum value of 0.8 at a depth of about
2500 m. This minimum occurs at the same depth as the maximum
in energy and strain release (Fig. 8b, c, e, f). Lower b-values in
volcanic areas have been usually interpreted as consequence of
high stress values and/or by highly heterogeneous rocks (Wyss
et al, 2001). To better characterize the relationship between
seismicity and rheology at the CFc, we show in Fig. 8b and c the
distribution of energy and strain, with spatial smoothing using a
1000 m radius filter, along the A—A’ section. The energy and strain
distributions clearly show that most of the seismicity occurs
beneath the Solfatara crater, with a secondary maximum beneath
the town of Pozzuoli. In particular, in the January 1983—December
1984 time interval, microearthquakes nucleated under Pozzuoli
and reached vents that were active in the last 5 kyrs, south of
Solfatara (De Siena et al., 2017). Accordingly, we argue that from

Slice Z= 5000 m

418000 422000 426000 430000

East [m]

434000 438000

the energy release point of view, the seismicity in the Bay of
Pozzuoli is poorly relevant.

The comparison between rheology and seismicity (Fig. 9) shows
how earthquake hypocentres are mostly located in the transitional
zone of the computed 3D image of B/D for ¢ = 10~12 s, In the case
of e = 1078 s~ (Fig. 10), the B/D transition is completely below the
earthquake hypocentres, i.e., below this zone, the seismicity is very
low. This holds true for the CFc, considering both the number of
events (Fig. 7a and b) as well as the energy release (Fig. 8b, e). This
further suggests that the temperature field, and therefore the
rheology, have a strong influence on seismogenetic processes
occurring within the CFc.

5. Discussion and conclusions

This work focuses on the development of a 3D FE stationary
thermal conductive model in order to investigate the thermo-
rheological stratification beneath the CFc by integrating gravity
data, seismic reflection profiles and seismic tomography data, and
based on an optimization procedure of the geometric heat source
parameters.

This approach allowed us to characterize the structural do-
mains of the CFc in terms of thermo-mechanical properties and to
define the geometry of the thermal source. We generated several
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Figure 9. Comparative analysis for ¢ = 10~ "2 (s!). Comparison between the rheological stratification of the crust and seismicity distribution. Ductile and brittle crustal behavior are
shown along (a) a horizontal slice at 5000 m depth, (b) A—A’ and (c) B—B’ vertical sections (see Fig. 7a for their locations). Green circles mark hypocenters of earthquakes with
M > 1. (d) The red isovolume of the B/D transition is calculated by considering ¢ = 10~'2 (s~'); the green region represents the energy release density isovolume of 5 x 10° (J/km).
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M > 1. (d) The red isovolume of the B/D transition is calculated by considering ¢ = 10~8 (s™1); the green region represents the energy release density isovolume of 5 x 10° (J/km).

forward models consisting of a 3D stationary conductive solution
of the CFc thermal field. The use of the optimization procedure,
based on a Monte Carlo method, allowed us to find a good fit
among the available borehole temperatures, heat flow measure-
ments and FE model results. In particular, we calibrated the model
by exploiting nine deep geothermal wells and ten heat flow
measurements. We found major discrepancies between the
retrieved thermal model and measured data in the Mofete area,
about 6000 m west of the caldera center. Several hypothesis could
be offered to interpret these discrepancies: (1) the effect of
shallow hydrothermal activity as suggested by mineralogical
studies (De Vivo et al.,, 1989; Chiodini et al., 2010; Mormone et al.,
2015), (2) the lateral variations in thermal conductivity distribu-
tion used in our model (Wohletz et al., 1999; Carlino et al., 2013)
and (3) the impact of advective components on the thermal state,
likely due to the existence of structures related to the boundary of
the NYT caldera; the last aspect could explain the anomalous
behavior with respect to our conductive model results. According
to De Siena et al. (2017), the fumarole at Mofete could be evidence
of advective heat transport through the fractured zone (where
micro-earthquakes occurred) that connects the 3—4 km deep
reservoir to the surface.

The estimated best source geometric parameters indicate the
presence of a heat source, extending horizontally for about 7 km,
with a flat top and located at about 5 km depth. Thermal
modelling led to the definition of a 3D B/D transition zone for
different time scales: 10°—10° years (¢ = 10712 s~!) corresponding
to the time evolution of the caldera, and 10—100 years
(¢ = 1078 s 1), corresponding to recent phenomena observed at
the CFc. We found that the B/D transition associated with the
shorter scale agrees well with the present distribution of hypo-
centers, which are mostly clustered above 4000 m (more than
90%); this is also clearly evidenced by the spatial distribution of
the strain and energy release, which reaches a maximum at about
2000 m depth and becomes negligible below 3000 m, making the
estimated volume of the ductile region about 180 x 10° m?>.
Similar shallow cut-offs of natural seismicity have also been noted
at other volcanoes (Ito, 1993). For instance, in large silicic calderas,
the seismicity is usually confined to relatively shallow depths, e.g.
Long Valley (Prejean et al., 2002), Rabaul (Mori and McKee, 1987)
and Taupo (Bryan et al., 1999). This feature is taken to an extreme
at the Yellowstone caldera, where seismicity is nearly absent
within the caldera (DeNosaquo et al., 2009). This feature is
commonly interpreted as a thermal “signature” of large magmatic
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bodies, whose heat flow heavily distorts the shape of the B/D
transition in the surrounding crust. However, this behaviour
deviates from the seismicity pattern observed at many stratovol-
canoes. The seismicity at these volcanoes is typically confined to a
highly elongated volume extending up to depths of more than
10,000 m, e.g., at Mt. Spurr (up to 13 km), Mt. Vesuvius (up to
7 km) (D'Auria et al, 2012) and at the Merapi volcano
(Ratdomopurbo and Poupinet, 2000). This probably reflects the
ephemeral nature of the magma chambers associated with these
volcanoes, since they are unable to significantly perturb the
rheology of the surrounding crust.

The results from our study, relevant to the rheology stratifica-
tion and the crustal seismogenic volume, are in good agreement
with a recent study by Di Vito et al. (2016), which highlighted the
presence of an oblate magma reservoir at an analogous depth
below the CFc. Another study by De Siena et al. (2017) showed that
a zone of high seismic attenuation between 4 and 4.5 km depth can
exist in rocks overlying a magmatic anomaly with high heating
potential. Doglioni et al. (2014) proposed that natural seismicity can
occur within the brittle region, which we identify in our modelling
results.

The retrieved picture of the B/D transition evaluated by
considering the shortest time scale (Fig. 10) has important impli-
cations in constraining potential seismogenic volumes. Indeed, the
inferred depth of 4000 m (for ¢ = 108 s~1) implies that a fault
spanning the whole caldera (maximum breadth of about 11,000 m,
along the E—W direction) with a stress drop of 4 bar (De Natale
et al., 1987) would result in an event with magnitude of about
M, 5.1. However, because of its highly fractured structure, such a
long seismic rupture (fault area) is unrealistic for the CFc, at least in
pre-eruptive conditions (Festa et al., 2004). A more conservative
fault area (i.e. 4000 m x 3000 m) suggests that a magnitude My, 4.7
event is a realistic estimate for the upper limit of pre-eruptive
earthquakes at the CFc (Convertito and Zollo, 2011).
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