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Abstract The geothermal field of Torre Alfina is located
in central Italy at the northern edge of the Vulsini Volcanic
District, the northernmost area of the so-called Quaternary
Roman Co-Magmatic Province. In the framework of a
medium-enthalpy geothermal exploitation project, INGV
installed a local seismic network close to the future geo-
thermal production site for monitoring natural local seis-
micity. In this paper, we show the results of a study of the
microseismicity recorded from June 2014 to May 2016 in
a small area of about 10 km2 around Torre Alfina. Ana-
lyzing seismic signals recorded by a local temporary net-
work of ten short-period stations and by four permanent
stations of the INGV national seismic network, we detect-
ed 846 local earthquakes. Then, we accurately relocated

799 events using HypoDD code. Our results show that the
region of Torre Alfina is characterized by intense micro-
seismicity, with hypocentral depths between 3 and 7 km
and with moderate magnitudes between Md = 0.1 and
ML= 2.8. Moreover, more than half of the earthquakes
are grouped into six main swarm-like clusters each lasting
few days. Furthermore, we computed 36 well-constrained
fault plane solutions, which show a clear transtensional
deformation regime in the whole study area. Three main
tectonic directions have been evidenced from the focal
mechanisms analysis: E-W, WSW-ENE, and NW-SE.
The understanding of the seismogenic structural setting
of the Torre Alfina geothermal field, and the study of its
background natural seismicity can be of great importance
in recognizing any possible future seismicity induced by
the exploitation of the field.
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1 Introduction

Most of the earthquakes in central Italy occur in the axial
and external zones of the Apennines, with magnitudes up
to 6.8 and hypocentral depths within the upper 10–15 km
(Console et al. 1993; De Luca et al. 1999; Galadini and
Galli 2000; Alessandrini et al. 2001; Chiarabba et al. 2005;
Pace et al. 2006; Faenza and Pierdominici 2007; ISIDe
working group 2016). Seismicity is directly connected to
the post-orogenic tectonic evolution of the Apennines
(e.g., Brozzetti and Lavecchia 1994; Frepoli and Amato
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1997; Collettini et al. 2000; Di Bucci and Mazzoli 2002;
Boncio et al. 2004).

The internal (western) part of the Apennines is char-
acterized by crustal thinning, widespread Quaternary vol-
canism (e.g., Malinverno and Ryan 1986; Jolivet et al.
1998; Peccerillo 2005; Peccerillo and Martinotti 2006;
Avanzinelli et al. 2009), andweak seismicity with low-to-
moderate magnitude occurring in the upper crust at
depths of 3 to 10 km (e.g., Selvaggi and Amato 1992;
Cameli et al. 1993; Batini et al. 1995; Di Bucci and
Mazzoli 2002). Earthquakes occurring in the geothermal
areas of Larderello-Travale and Mt. Amiata (Tuscany
region), and Latera and Bolsena (northern Latium re-
gion), are likely related to active faults generated by
confining pressurized hydrothermal fluids (Buonasorte
et al. 1987; Cameli et al. 1993; Liotta and Ranalli 1999;
Bellani et al. 2004; Braun et al. 2017, 2018).

Recently, a private industrial company, ITW&LKW
Geotermia Italia SpA (ITW&LKW hereinafter), requested
a license for the production of geothermal electric energy
from the medium-enthalpy geothermal field of Torre
Alfina, located north of the Bolsena Lake (Fig. 1). The
project conceived the development of two pilot plants of 5
MWe each, with no gas emission in the atmosphere and
total re-injection of the extracted fluids into the provenance
reservoir. In 2013, in the framework of a research contract
betweenNational Institute of Geophysics andVolcanology
(INGV) and ITW&LKW, INGV was commissioned to
install a multi-parameter system for the monitoring of soil
CO2 gas emission, seismicity, and subsidence in the area
where it was planned to drill the producing and reinjecting
geothermal wells.

In particular, based on the guidelines for geothermal
energy exploitation as established by the ItalianMinistry
of Industry and Economic Development (MISE) in
2014 (called ILG-2014, hereafter, Dialuce et al. 2014),
industrial companies are requested to record the natural
seismicity in the future production area, for at least
12 months before the beginning of the exploitation.

In this paper, we present the results of a study of the
microseismicity recorded from June 2014 to May 2016
in the area of Torre Alfina. We analyzed velocimetric
seismic data recorded by the local temporary network
called ReMoTA consisting of ten stations installed by
INGV between June 2014 and December 2015 (Fig. 1)
and by four permanent stations (SACS, LATE, MGAB,
and MCIV) of the INGV national seismic network
(INGV-RSN hereafter). ReMoTa seismic stations are
equipped with a three-component short-period

seismometer, except station TA06 where a broad band
seismic sensor is installed; the four INGV-RSN perma-
nent stations are equipped with a very broad band sen-
sor, and in three of them, also an accelerometric sensor
is installed.

In the present contribution, we accurately locate more
than 800 local recorded earthquakes and compute 36
fault plane solutions to characterize the temporal and
spatial evolution of the local seismicity and to define the
active tectonic structures. The understanding of the
seismogenic structural setting of the Torre Alfina geo-
thermal field and the study of its background natural
seismicity will be of fundamental importance in recog-
nizing any possible future seismicity induced by the
exploitation of the field.

2 Geologic setting of the Torre Alfina geothermal
field

The geothermal field of Torre Alfina is located at the
northern edge of the Vulsini Volcanic District (VVD)
(e.g., Sparks 1975). It is bounded by theMeso-Cenozoic
ridge of Mt. Cetona to the north, the Bolsena lake
caldera to the south, the Radicofani basin to the west,
and the Tevere-Paglia basin to the east (Passerini 1964;
Nappi et al. 1995) (Fig. 2). Between Torre Alfina and
the Bolsena Lake, the Radicofani and Tevere-Paglia
graben join into a single basin (Buonasorte et al. 1987).

The VVD is the northernmost extension of the so-
called Quaternary Roman Co-Magmatic Province
(Washington 1906) whose volcanic products encompass
the entire spectrum of potassic and ultra-potassic rock
types (Sparks 1975; Barberi et al. 1994; Palladino and
Simei 2005a, b).

The Vulsini activity lasted from 0.6 to 0.1 Ma and
occurred from several craters (Varekamp 1980) with two
main centers: the first one coincides with the present
Bolsena Lake, a volcano-tectonic depression developed
after large pyroclastic eruptions (Nicoletti et al. 1981;
Trigila 1985); the second and more recent one is the
Latera volcanic complex, west of the Bolsena lake,
whose caldera collapsed after large pyroclastic eruptions
about 0.28 Ma (Nappi et al. 1991).

In the southern Tuscany, beneath the surficial volca-
nic cover, a Miocene-to-Quaternary post-orogenic sed-
imentary sequences (Neoautochthonous complex)
(Martini and Sagri 1993; Liotta, 1994; Pascucci et al.
2006; Brogi and Liotta 2008; Brogi 2011; Brogi et al.
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2013, 2014) unconformably overlie the oceanic-derived
units of the Ligurian domain, consisting of remnants of
Jurassic oceanic crust, its Jurassic-Cretaceous mainly
clayey cover, and Cretaceous-Oligocene turbidites,
which in turn covers continental-derived units of the
Tuscan domain (Meso-Cenozoic carbonatic and
terrigenous sequences of the Tuscan nappe) (Fig. 2).
The upper portion of the Tuscan formation is character-
ized mainly by marly limestone and shales and is re-
ferred to as the “Scaglia formation.” The underlying
regional basement is made of Triassic and Paleozoic

metamorphic rocks (Barberi et al. 1994; Brogi and
Liotta 2008). Below the Tuscan nappe, the Umbria-
Marchigian Unit was encountered at depth by deep
boreholes south-east of theM. Cetona (e.g., Torre Alfina
15 in Figs. 3 and 4). The units of Tuscan nappe are
exposed in NNW-SSE-trending (as in theMount Cetona
area) and N-S-trending (as in the Mount Labbro area)
elongate structural highs bounded by extensional and
transtensional faults (e.g., Bonciani et al. 2005; Brogi
and Fabbrini 2009; Carmignani et al. 2013) (Figs. 2b
and 3).

Fig. 1 Area of Torre Alfina/Castel Giorgio (Study area), showing
the location of the ten seismic stations of the temporary local
ReMoTA network (green triangles). Red triangles indicate sites
where stations were installed only for a short time due to high level
of anthropic noise. Red dots depict the planned geothermal re-
injection sites. Yellow and red curves confine the inner/outer

domain, with a radius of 2 km and 7 km, respectively, around
the production/re-injection wells (Terlizzese 2016). The station
CVIS belongs to the Regional Accelerometric Network (RAN)
of the Umbria region. Light blue diamonds indicate the four
permanent stations of the INGV-RSN used in this work. The black
rectangle includes the area enlarged in Figs. 5 and 11
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The Early Miocene compressional tectonics produced
several NE-oriented thrusts involving the Meso-Cenozoic
rocks, detached from the metamorphic basement, and the
allochthonous flysch. Since the Langhian-Serravallian
(middle Miocene), an extensional process was active gen-
erating normal faults and transversal strike-slip structures
that dissected the previously formed fold-thrust belt pro-
ducing horst-and-graben structures, generally NNW-SSE
oriented (Barchi et al. 1998; Carmignani et al. 1994; Jolivet
et al. 1998; Acocella and Funiciello 2006; Brogi and Liotta
2008; Brogi et al. 2010). Southern Tuscany is character-
ized by main NW-SE-trending and minor NE-SW-
trending Miocene to Quaternary sedimentary basins
formed during the extensional process and bounded by
extensional-to-transtensional structures (Martini and Sagri
1993; Liotta 1994; Pascucci et al. 2006; Brogi and Liotta
2008; Brogi 2011; Brogi et al. 2013, 2014). Some of these

include the Tevere-Paglia, Siena-Radicofani, and Albegna
basins. The Quaternary volcanism occurred in sites where
the NNW-SSE Plio-Pleistocenic normal faults were
crossed by younger transversal faults with a large compo-
nent of horizontal displacement (Toro 1978; Acocella and
Funiciello 2006).

The post-orogenic deposits and the flysch complexes
show generally low permeability and constitute the im-
pervious cover of the geothermal field, whereas the
geothermal reservoir is represented by the underlying
carbonate Mesozoic rocks, usually characterized by sec-
ondary permeability due to fracturing. In the Torre
Alfina area, the geothermal reservoir is hosted within
an uplifted N-S-trending carbonatic anticline structure.

As shown in Fig. 3, below a shallow volcanic cover of
VVDdeposits, the allochthonous Ligurian units overlie the
Tuscan units whose top has been found at a minimum

a

b

Fig. 2 a Geological-structural map of south-eastern Tuscany
(modified after Vignaroli et al. 2016). The black rectangle indi-
cates the study area. bGeological cross-section through theMount

Amiata volcanic district showing post-orogenic structures such as
faults, sedimentary basins, and volcanic districts. See the A-B-C
cross-section track in a
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depth of about 600 m (Buonasorte et al. 1988). The
reservoir rocks outcrops north of the geothermal field, in
San Casciano dei Bagni village, i.e., at the southern termi-
nation of theMt. Cetona ridge (Fig. 2), which is considered
as a possible recharge area of the geothermal system of
Torre Alfina (Buonasorte et al. 1988). However, the hy-
drological connection of Torre Alfina reservoir withMonte
Cetona ridge has been questioned for structural reasons by
Vignaroli et al. (2013) who suggested that the Torre Alfina
recharge may come from Bolsena Lake.

The anomalously high heat flow observed in this area,
as well as in all Tuscany and Latium Quaternary volcanic
complexes, is related to the long-lived volcanism that has
been active for about 1 million years, and due to the
cooling of subvolcanic bodies at shallow depth (Barberi
et al. 1994; Cameli and Fiordelisi 1988).

The large difference in permeability between the
Ligurian flysch and the underlying limestones forms a
structural trap that accumulates CO2 in a pressurized gas
cap located at the reservoir top. A set of mainly normal
faults, some of them possibly still active, confines the
structural high (Fig. 3). A detailed survey of diffuse soil
CO2 flux in the Torre Alfina geothermal area has shown

the presence of a single anomaly at the Solfanare gas
manifestation, south of Torre Alfina village, where the
composition of the emitted gas is identical to that pro-
duced by a geothermal well tapping the reservoir gas cap
(Carapezza et al. 2015). Although there is no surface
evidence, the authors hypothesize, based on the geom-
etry of the gas flux anomaly, the presence of a NNW-
SSE fault connecting the deep geothermal reservoir to
the surface.

Geothermal wells, drilled to a maximum depth of
2710 m, proved in the Torre Alfina reservoir the presence
of medium-enthalpy hot water with a temperature of 120–
140 °C (Buonasorte et al. 1988). A 4826-m deep geother-
mal well found a thick reservoir made of carbonatic se-
quences of the Tuscan and Umbrian series, with a temper-
ature range of 140–210 °C (Buonasorte et al. 1991).

Vignaroli et al. (2013) proposed that the geothermal
field of Torre Alfina is composed by different compart-
ments, where active tectonic structures play a key role in
producing renewed permeability distribution and hydro-
thermal circulation within the reservoir. Therefore, the
microseismicity study of the area could be really helpful
to better define the details of its structural setting.
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External Ligurian units

Neogene-Quaternary
sediments

SEAL

RESERVOIR

COVER

Tuscan units

Volcanic units

Fig. 3 Block diagram showing the geological and structural set-
ting of the Torre Alfina geothermal field with location of the
geothermal wells and isotherms in °C (dashed white lines), after

Vignaroli et al. (2013). The lowermost purple level represents the
Umbrian Mesozoic limestones
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3 Analysis of the local seismicity

3.1 Historical seismicity

The geothermal area between Mt. Amiata and
Bolsena Lake is characterized by moderate seismici-
ty. The Parametric Catalog of Italian Earthquakes
(CPTI, Rovida et al. 2016) reports 21 earthquakes
since 1000 AD with a maximal intensity I0 in a range

between VI and IX, based on MCS (Mercalli-
Cancani-Sieberg) scale. The strongest events are the
equivalent magnitude Me 5.6 of 1276 A.D. with an
epicenter near Orvieto village and the Me 5.8 of
1695 A.D. with an epicenter east of Bolsena Lake
(Guidoboni et al. 2018). The only historical earth-
quakes that have damaged the small village of Torre
Alfina occurred in 1919 near Mt. Amiata (Me 5.3)
and in 1957 near Castel Giorgio (Me 4.9).
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Fig. 4 Stratigraphic columns of four wells drilled in the Torre
Alfina geothermal reservoir (modified after Volpi et al. 2018):
RA101, Alfina004, and Alfina014 wells belong to the first drilling

campaign (1971–1972), while the deepest Alfina015 well was
drilled on 1987–1988. The well location is shown in Fig. 3 as
RA1, A4, A14, and A15 respectively
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3.2 Instrumental seismicity

The study area (latitude 42.6–42.81 N, longitude 11.8–
12.1 E, Fig. 1) is characterized by a shallow seismicity (at
depths of 3 to 11 km) with magnitudes generally lower
than 3.5. Only a few earthquakes have occurred at depths
of 15 to 25 km. The locations and magnitude information
were obtained from the ISIDe online catalog http://iside.
rm.ingv.it (ISIDe working group 2016). The space-time
distribution of the seismicity recorded by the INGV-RSN
from January 1985 to June 2014, before the period
analyzed in this paper, is shown in Fig. 5a, b. The evident
increase of number of earthquakes is exclusively due to
the extension of the INGV-RSN during the last 10 years
that lead to a significant lowering of the detection thresh-
old. It is noteworthy that seismic activity mainly emerges
in clusters that have a short duration in time. The cluster
of February (7–12) 1992 consists of about 40 events, six
of them with ML ≥ 3, occurred at shallow depths (3–
7 km) near Castel Giorgio, in less than 1 week. On 25
November 2010, 26 events have been recorded some
kilometers north of Acquapendente with maximummag-
nitude ML = 2.1.

Buonasorte et al. (1987) analyzed the seismicity re-
corded from 1978 to 1986 in the geothermal area near
Latera, Bolsena, and Torre Alfina by a local ENEL

network. More than 1000 earthquakes with the maxi-
mum magnitude 2.9 were detected by this network.
Only 1% of this dataset has magnitudes higher than
2.4. The earthquakes mainly occurred outside the car-
bonate anticline that host the geothermal field of Torre
Alfina area. In particular, Buonasorte et al. (1987) asso-
ciated the shallower hypocenters to the fault-step caldera
of the Bolsena Lake and to the fault zone bounding the
eastern flank of the Radicofani basin, between Mt.
Cetona and the Acquapendente village.

For this study, we manually picked P- and S-wave
arrival times of earthquakes recorded in the period June
2014–May 2016 by the 10 stations of the local network
ReMoTA and by the permanent stations SACS, LATE,
MGAB, and MCIV (Fig. 1). For the strongest earth-
quakes, we added the readings of the Italian Seismic
Bulletin (hereafter BSI, doi:https://doi.org/10.13127
/BOLLETTINO/2016.03). Figure 6a and b show two
examples of the analyzed seismograms recorded at two
different stations, where a swarm-like seismic activity is
evidenced.

Events were located using the Hypoellipse code
(Lahr 1999) and a velocity model shown in Fig. 7. It is
based on the velocity model, used by INGV for seismic
monitoring and Italian seismic bulletin, for deeper layers
and was merged for the upper 7 km with a model by

0 5

Castel Giorgio

S.Lorenzo Nuovo

Acquapendente

Bolsena lake
LATE

a
b

Fig. 5 aMap of 303 epicenters of events recorded by the INGV-
RSN from January 1985 to June 2014 in the study area. The green
triangle shows the position of the INGV-RSN permanent station,

LATE. b Cumulative number of earthquakes occurred from Janu-
ary 1985 to June 2014. Yellow stars indicate earthquakes with
ML ≥ 3
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(b)

(a)

Fig. 6 a, b Examples of three-components short-period seismograms recorded at TA02 and TA05 stations onDecember 21st andDecember
24th respectively. The length of the windows is about 4 min
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Chiarabba et al. (1995) who obtained the P-wave veloc-
ities from a high-resolution tomography inverting 7535
P- and 563 S-wave arrival times of 676 selected earth-
quakes occurred in the Torre Alfina area and in the
geothermal fields of Latera and Mt. Amiata.

In the study area, we localized 846 earthquakes in a
magnitude ranging from Md = 0.1 to ML = 2.8. We
assigned to arrival time readings a weight based on the
picking accuracy (Table 1). Following the location qual-
ity criteria of the Hypoellipse code (Lahr 1999), 98% of
our dataset shows quality A and B.

To compute the average local VP/VS ratio, we applied
the modified Wadati method (Chatelain 1978; Pontoise
and Monfret 2004). The linear fit of the time difference
between the P and S phases (ΔTp and ΔTs) for the
available station pairs gives a VP/VS ratio of 1.87 within

a confidence of 95%, a root-mean square (RMS) error of
0.015, and a linear correlation coefficient of 0.96 (Fig. 8).
The high VP/VS ratio indicates a highly fractured medium,
as expected in a volcanic region.

Then, we re-located the 846 events applying the
double-difference (DD) location algorithm HypoDD
(Waldhauser and Ellsworth 2000; Waldhauser 2001). At
each station, the DD residuals are minimized for pairs of
earthquakes by weighted least squares using the conjugate
gradients method (LSQR) (Paige and Saunders 1982). The
code iteratively adjusts the vector difference between near-
by pairs of hypocenters, updating the location and the
partial derivatives at each iteration. Starting from 846
events, we obtained 799 relocated events satisfying the
HypoDD quality criteria.

Figure 9 shows the horizontal and vertical error dis-
tribution, RMS and depth of the 846 earthquakes local-
ized with Hypoellipse (left panels) and of the 799
relocated with HypoDD (right panels). The errors asso-
ciated with the hypocentral determination and the RMS
decrease substantially in the HypoDD locations. Hypo-
central depths are more concentrated around the 5 km
depth using the HypoDD code (Fig. 7).

The cumulative seismic energy is plotted (Hanks and
Kanamori 1979) in Fig. 10, while the released seismic
energy for each swarm of earthquakes is reported in
Table 2. To calculate the released energy, we converted
Md in ML using the following relationship from
Gasperini (2002):

ML ¼ 0:99Mdþ 0:05: ð1Þ

From Table 2, it is clear that more than half of the
earthquakes are grouped into six main clusters and that
higher energies are released from the clusters with larger
maximum magnitude.

The first significant fast increase in energy in the
cumulative curve of Fig. 10 is coincident with the No-
vember 2014 cluster and is the largest observed fast
increase in energy also if the November 2014 cluster
has the lowest number of events (30 earthquakes) and
the lowest maximum magnitude (Md = 1.7). The reason
for this is that the largest event with ML = 2.8 occurred
just 1 week before the November 2014 swarm. Thus, we
see in the curve the combined released energy relative to
both the cluster and the largest earthquake.

The relocated seismicity is mapped in Fig. 11a while
Fig. 11b shows the hypocenters plotted on NE-SW and
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Fig. 7 P-wave velocity model used in this study, obtained by
combining the velocity model of Chiarabba et al. (1995) for the
first 7-km depth and the one used by INGV for the deeper layers

Table 1 Weights
assigned to P and S ar-
rival times based on the
picking accuracy

Weight Picking accuracy (s)

0 0 < i < = 0.1

1 0.1 < i < = 0.3

2 0.3 < i < = 0.6

3 0.6 < i < = 1.0

4 i > 1.0
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NW-SE cross-sections, respectively. The seismicity results
mainlyconcentrated inasmall regionnorthofBolsenaLake
confined among the villages ofTorreAlfina, to the north; S.
LorenzoNuovoandAcquapendente, to thewest;andCastel
Giorgio, to the east. Hypocentral depths are ranging from 1
to 9 km. The black and white dots indicated the spread out
seismicity while the colored dots are relative to the
clusterized events. The clusterized events occurred in a
few days (Table 2) and occurred (each time) in different
portions of the study region (Figs. 11 and 12). Figure 12
shows the location in map and in sections of the six main
swarms.

Based on the magnitude values and on their spatio-
temporal distribution, we consider the clusters as typical
swarms; in fact, they are not characterized by the occur-
rence of a mainshock. In addition, for the analyzed
dataset, the largest event we recorded with ML = 2.8
does not belong to any cluster.

The duration magnitude Md has been calculated
through the empirical relationship of the Hypoellipse

code (Lee et al. 1972; Lee and Lahr 1975; Bakun and
Lindh 1977):

Md ¼ C1 þ C2log10 D•cð Þ þ C3Eþ C4Z

þ C5 log10 D•cð Þð Þ2; ð2Þ

where C1 = − 0.87, C2 = 2, C3 = 0.0035, C4 = 0, C5 = 0,
D = length of earthquake recording (s), E = epicentral
distance (km), Z = hypocentral depth (km), and c = 1;

therefore, we obtain

Md ¼ −0:87þ 2log10 Dð Þ þ 0:0035E: ð3Þ

For the largest events, we reported the values of ML

when available from the BSI (doi:https://doi.
org/10.13127/BOLLETTINO/2016.03).

Figure 13 shows the coda magnitude distribution of
the 846 located earthquakes.

R² = 0.9614
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Fig. 8 Wadati diagram. Linear fit
of ΔTs versus ΔTp (S- and P-
wave differential time measure-
ments, respectively). The obtain-
ed VP/VS ratio is 1.868, the root-
mean square (rms) error is 0.015,
and the linear correlation coeffi-
cient (R2) is 0.96
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3.3 Fault plane solutions

We calculated 56 fault plane solutions with at least eight
clear first motion polarities using the FPFIT code
(Reasenberg and Oppenheimer 1985). Among these,
we chose the best 36 solutions with well-distributed
polarities on the focal sphere and high-quality factors
Qp and Qf (outputs of the FPFIT code). The quality
factors varies from A to C with decreasing quality.

Qp gives information about the solution misfit of the
polarity data, while Qf reflects the solution uniqueness
in terms of the 90% confidence for strike, dip, and rake.
Figure 14 shows the selected focal mechanisms: 12 with

quality AA and 24 with quality AB and BA. The aver-
age orientation of the T-axis suggests a NNE-SSW
extension regime for the whole study area. Events with
selected fault plane solution have magnitude ranging
from Md = 1.0 to ML = 2.8 (Fig. 14). There are 17 focal
mechanisms with an almost pure strike-slip solution.
Most of these solutions belong to the green and blue
clusters (Fig. 14). All strike-slip solutions have a small
normal component. We do not have enough information
to discriminate between the two nodal planes. If the NE-
SW nodal plane is the fault plane, then we have a right-
lateral motion. There are 13 normal fault solutions with
small strike-slip component, while six are pure normal
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Fig. 10 Cumulative seismic moment of earthquakes relocated with HypoDD. Arrows indicate the six main clusters. The first significant fast
increase in energy is due to both the November 2014 cluster and the ML 2.8 event, which occurred 1 week before the swarm

Table 2 Description of the six main clusters occurred during the study period

No. Time of occurrence Number of eventsa Maximum magnitude Cumulative seismic moment (erg)

1 2014, November 13–14 30 (purple) 1.7 (Md) 3.2 × 1019

2 2014, December 21–26 158 (red) 2.6 (ML) 2.2 × 1020

3 2015, March 24–28 53 (orange) 1.7 (Md) 4.3 × 1019

4 2015, November 23–29 80 (light blue) 1.9 (Md) 1.2 × 1020

5 2016, February 28–March 2 115 (blue) 1.9 (Md) 1.3 × 1020

6 2016, April 18–22 76 (green) 2.3 (Md) 2.4 × 1020

a In the second column, the reference color for each cluster is indicated as shown in Figs. 9, 10, and 12.
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(Fig. 14). The largest number of normal fault plane
solutions are observed in the red cluster. The event with
largest magnitude (ML 2.8), which does not occur with-
in any cluster, shows a normal fault with a very small
strike-slip component. If the fault plane is oriented NW-

SE with dip to the SW, the small strike-slip component
has left-lateral motion.

In this study, we considered only double-couple solu-
tions, also if the fluid movement due to the presence of the
geothermal field could have an important role in the

Fig. 11 a Map of the 799
earthquakes relocated with
HypoDD. White dots indicate the
non-clusterized seismicity; col-
ored dots represent the six clus-
ters: November 2014 (purple),
December 2014 (red),
March 2015 (orange), November
2015 (light blue), February 2016
(blue), and April 2016 (green).
The black rectangle includes the
area enlarged in Figs. 10a and 12.
b In the cross-sections A-B and
C-D, black dots indicate the non-
clusterized seismicity
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earthquake mechanisms; therefore, we could expect to
have for this region some events with non-double-couple
mechanisms. We planned to test this possibility using new
data recorded after May 2016, when an important seismic

sequence with moderate magnitude events occurred in this
area. The new dataset, which we are analyzing, will pro-
vide us a higher number of events with enough polarities to
calculate also not-double-couple solutions.

Fig. 12 a Map and b cross-sections of the six clusters listed in Table 2. The white stars indicate the strongest shock for each cluster
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4 Discussion

From June 2014 to May 2016, ten temporary and four
permanent stations recorded intense microseismicity oc-
curring in a small area of about 10 km2 around the
geothermal field of Torre Alfina. We accurately located
799 earthquakes withmagnitude ranging betweenMd =
0.1 and ML = 2.8. More than half of the events are
grouped into six clusters each lasting for few days; all
the clusters are characterized by the absence of a
mainshock. This is a typical swarm behavior of volcanic
regions.

While the epicenters associated to the 2014 and 2015
clusters do not show a clear alignment, the two clusters
occurred in 2016 are both aligned along NW-SE direc-
tion (blue and green dots in Fig. 12).

The 2014 and 2015 clusters, located in the eastern
and south-eastern part of the study area between the
villages of S. Lorenzo Nuovo and Castel Giorgio, oc-
curred in a depth range of 3.5–6.5 km, while the 2016
clusters, located to the north-western edge, are slightly
shallower (3–5 km depth). A common feature, at least
for the larger cluster in 2014 and for the clusters in 2016,
is that the strongest event is deeper (Fig. 12).

The earthquakes located between the Bolsena Lake
and Torre Alfina are mainly characterized by normal
focal mechanisms while those in the western part are
mainly strike-slip. The higher number of seismic

stations in 2016 allowed us to calculate a larger number
of focal mechanisms for the two swarms occurred in this
year.

All the focal mechanisms show a clear transtensional
deformation regime in the area as it has been proposed
by Vignaroli et al. (2013). The authors, through a statis-
tical analysis of the collected structural data, grouped the
sub-vertical fractures into NNE-SSW and WNW-ESE
directions. The WNW-ESE-oriented fractures are con-
sistent with the orientation of the T-axis that we obtained
from all the focal solutions.

Three main tectonic directions are clearly evidenced
from the focal mechanisms analysis: E-W, WSW-ENE,
and NW-SE. This evidence confirms the results obtain-
ed by Buonasorte et al. (1987) who, based on a seismic-
ity study ofmore than 1000 earthquakes, found the same
main tectonic directions.

The nine normal fault plane solutions located to
the west of Castel Giorgio (four from the December
2014 cluster and five from non-clusterized seismic-
ity), one mechanism north of S. Lorenzo (February
2016 cluster), and one south-east of S. Lorenzo
(November 2015 cluster) show a nodal plane E-W
oriented with a high southward dip. These solutions
are consistent with the existing step faults associated
with the caldera depression of Bolsena Lake, also
shown by Buonasorte et al. (1987). The authors
observed, in the area to the north and east of the
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lake, a high density of step faults extending to a
distance of at least 7 km from the lake. In the region
between S. Lorenzo Nuovo and Bolsena Lake, they
computed normal fault plane solutions with nodal

plane striking N80E and dipping 45° southward.
Furthermore, step faults were evidenced by a high-
resolution seismic reflection survey in the northern
part of Bolsena Lake (Buonasorte et al. 1995).

km

Fig. 14 Map of the epicentral distribution showing also the 36
well-constrained focal mechanisms; ten fault plane solutions from
the non-clusterized seismicity, eight from the December 2014

cluster (No. 2 in Table 2), one from November 2015 cluster (No.
4 in Table 2), four from the February 2016 cluster (No. 5 in
Table 2), and 14 from the April 2016 cluster (No. 6 in Table 2)
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From the analysis of the focal mechanisms asso-
ciated to the events occurred during the 2016 clus-
ters north of S. Lorenzo Nuovo, we found that 15 of
the 18 computed mechanisms indicate a strike-slip
solution with a very small normal component. Un-
fortunately, our data on hypocenter distribution do
not provide enough clear information in order to
discriminate between the two nodal planes. If we
assume the southward high dipping, WSW-ENE-
oriented plane as the fault plane, we obtain a dextral
transcurrent movement and our fault plane solutions
would be very similar to the mechanism calculated
by Buonasorte et al. (1987). Furthermore, a structur-
al study on tectonic discontinuities showing evi-
dence of post-orogenic activity in the region be-
tween Torre Alfina, Acquapendente, and Castel
Giorgio put in evidence a dominant strike-slip mo-
tion with dextral kinematics (Vignaroli et al. 2013).
In particular, the authors observed in the area around
Acquapendente a strike-slip direction WSW-ENE
oriented. Alternatively, the fault plane could be the
one NNW-SSE oriented, sub-vertical, and with left
lateral slip. This kind of kinematics has already been
observed further north in the region between Mt.
Amiata and Mt. Cetona (Brogi and Fabbrini 2009)
but along SW-NE-oriented faults. Quaternary
transtensive faults with SW-NE strike generally in-
fluence the Pleistocene and present hydrothermal
fluids circulation. In the Mt. Amiata region, SW-
NE striking Quaternary faults are strictly related to
the volcanic activity (Acocella 2000; Acocella and
Funiciello 2002; Brogi 2008). Focal mechanisms
a s soc i a t ed wi th mic ro shock s induced by
hydrofractures generally show strike-slip with sub-
vertical nodal planes (Raleigh et al. 1976; Carabelli
et al. 1984).

The strongest events we recorded with ML = 2.8 and
depth of 5 km does not belong to any cluster and
occurred at north-west of S. Lorenzo Nuovo village,
on the western part of the 2016 clusters. The associated
focal mechanism shows normal faulting, but differently
from the other normal mechanisms computed in the
area, it is consistent with a high-angle west-dipping
and NNW-SSE-oriented normal fault with small left-
lateral transcurrence. This solution is similar to those
found for other two earthquakes, which occurred just
north of S. Lorenzo Nuovo, both withMd = 1.7 and with
comparable depth. Similar mechanisms have been cal-
culated by Buonasorte et al. (1987) for a small cluster

located at about 4–5 km SWof Acquapendente village.
This fault plane solution is consistent with the Early-
Middle Pliocene fault system that, exposed for several
kilometers in the eastern margin of the Radicofani basin,
includes also the main regional fault known as the
Cetona Fault (Liotta and Salvatorini 1994; Liotta
1996; Acocella et al. 2002; Brogi and Fabbrini 2009).

The five focal mechanisms with almost pure normal
fault plane solutions, consistent with a NW-SE oriented
fault plane with a 30° south-west dip, located to the west
of Castel Giorgio and to the north of S. Lorenzo Nuovo,
may indicate a reactivation of the Miocene south-west-
dipping thrust system. Buonasorte et al. (1991) suggested,
on the basis of the stratigraphic interpretation of an explo-
ration well in the Torre Alfina area, that the tectonic
stacking of the Tuscan and Ligurian units is controlled
by a 25° SW dipping NW-SE oriented thrust system.

To consider only double-couple mechanisms could
be an oversimplification for this geothermal region, but
we are going to calculate also non-double-couple solu-
tions using a more comprehensive dataset including the
seismicity recorded in the following years.

5 Conclusions

This study confirms that the region located in the north-
ern edge of the Vulsini Volcanic District is characterized
by moderate background microseismicity mainly con-
centrated within the uppermost 10 km. The computed
focal mechanisms are consistent with geological evi-
dence of fault systems in the area. The fault plane
solutions highlighted the evidence of a present
transtensional deformation regime in a NE-SW
direction.

Three different kinematics characterize the active
faults in the study area:

& Strike-slip to oblique mechanisms that can be related
to the activity of transfer faults

& Normal high-angle plane dipping towards south,
which are probably step faults associated to the
Bolsena Lake caldera collapse

& NW-SE-oriented normal faults due to the reactiva-
tion of the Miocene thrust system.

The lack of seismicity beneath 10 km depth indicate
ductile behavior of rocks due to high temperature (up to
400 °C) existing at those depths.
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