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1. Abstract

The energy released during a seismic crisis in volcanic areas is strictly related
to the physical processes in the volcanic structure and could be a very
important parameter to study in activities dealing with eruption forecasting.
In particular Long Period seismicity, that seems to be related to the oscillation
of a fluid filled crack (Chouet , 1996, Chouet, 2003, McNutt, 2005), can
precedes or accompanies an eruption; these seismic signals may be used to
assess the eruptive state of a volcano or its eruptive potential.

The present doctoral thesis is focused on the study of the Long Period
seismicity recorded in the Campi Flegrei volcano (Campania, Italy) during the
October 2006 crisis.

Campi Flegrei Caldera is an active caldera (situated in a densely populated
area in the North of Naples); the combination of an active magmatic system
and a dense populated area make the Campi Flegrei a critical volcano.

The source dynamic of LP seismicity is thought to be very different from the
other kind of seismicity ( Tectonic or Volcano Tectonic): it’s characterized by a
time sustained source and a low content in frequency. This features implies
that the duration—magnitude, that is commonly used for Volcano Tectonic
events and sometimes for LPs as well, is unadapted for LP (and VLP)
magnitude evaluation. The main goal of the research work performed in the
framework of the doctoral studies was to develop a method for the
determination of the magnitude, for the LP seismicity; we based this method
on the comparison of the energy of VT event and LP event, linking the energy
to the moment magnitude for the VT. So the magnitude of the LP event would
be the moment magnitude of a VT event with the same energy of the LP.

We applied this method to the LP data-set recorded at Campi Flegrei caldera
in 2006, to an LP data-set of Colima volcano recorded during an experiment
performed in 2005 — 2006 and for an event recorded at Etna volcano.
Experimenting this method to lots of waveforms recorded at different
volcanoes we tested its easy applicability and consequently its usefulness in
the routinely and in the quasi-real time work of a volcanological observatory.



2. Introduction

Volcanoes are geologic manifestations of highly dynamic physical and
chemical processes in the interior of the Earth.

Volcanic eruptions and their impact on human society are one of the most
severe natural hazards.

Often, before an eruption, a series of phenomena indicative of an abnormal
state of the volcano occurs; this phenomena are defined precursors. They
include the increasing in the frequency and/or intensity of the earthquakes
located below the volcano apparatus, the presence of volcanic tremor, the
uplift of the soil, the opening of fractures, the increasing in fumarolic activity
and the variation in its temperatures and composition, the compositional
variations of the fluids involved...

Their presence, duration and time interval before the eruption depends on
factors that currently remain largely unknown. So the study of their temporal
evolution may be very helpful in a monitoring context. Precursory observation
often coincided with the starting of an eruption in open-conduit volcanoes,
but the situation is more complicated in the case of quiescent volcanoes like
Campi Flegrei caldera.

Volcano seismology aims to understand the nature and dynamics of magmatic
systems, and to determine the extent and evolution of source regions of
magmatic energy which are important for the understanding of the volcanic
behavior. The energy released during a seismic crisis is strictly related to the
physical processes in the volcanic structure and could be very important in
eruption forecasting.

The study of the Low Frequency seismicity is relative new and therefore the
knowledge about both the physical mechanisms responsible for such signals,
and their propagative features it is constantly updated.

In particular, Long Period seismicity seems to be correlated with the
resonance of a fluid filled crack (magmatic or hydrothermal fluid) (Chouet ,
1996; Chouet, 2003, McNutt, 2005), it can precedes or accompanies an
eruption hence these seismic signals may so be used to assess the eruptive
state of a volcano or its eruptive potential. For example, swarms of small and
shallow LP events can be the only precursor of an important phreatic activity
(Barberi, et al., 1992).

The seismic monitoring of the active volcanoes, such as Campi Flegrei, is
necessary to put in evidence possible precursors of an imminent eruption.
Unfortunately, there is no clear relation between the energy of the
precursory seismicity signals and the strength of the subsequent eruption.



The present doctoral thesis is focused on the study of the Long Period
seismicity recorded in the volcano of Campi Flegrei (Campania, ltaly) in the
October 2006.

Campi Flegrei Caldera is an active caldera (situated in a densely populated
area in the North of Naples), which last eruption occurred on 1538 affecting
the Monte Nuovo eruptive center (Di Vito, et al., 1999). The combination of
an active magmatic system and a dense populated area make the Campi
Flegrei a critical volcano, and the comprehension of the volcanic state is
important to protect the population.

The source dynamic of the Long Period seismicity is thought to be very
different form the other kind of seismicity: LP and VLP (Very Long Period)
events are characterized by the time persistency of the source, the peak of
the spectrum at low frequency (less than 5 Hz for LPs and much less for VLPs)
and the absence of high-frequency components in the spectrum of their
seismic radiation. One of the practical consequences of the lack of high-
frequency coda is that the duration—magnitude, that is commonly used for
Volcano Tectonic events and sometimes for LPs as well, cannot be used for LP
(and VLP) magnitude evaluation since it could lead to confusing results.

The magnitude concept comes from the relationship between the waveform
amplitude of a seismic event and its energy (taking into account the path
attenuation). The definition of magnitude was then firstly proposed by
Richter, measuring the amplitude of an event recorded at a well-known
instrument. So the seismogram can be transformed into an equivalent Wood
Anderson record using the empirical curve that describes the attenuation of
the maximum amplitude with the source-station distance, taking a zero
magnitude reference event.

Differently from a VT event, an LP characterized by a long (source) duration
and a low maximum amplitude can have the same energy as another LP event
with a greater maximum amplitude and a shorter duration, so the maximum
amplitude alone is not sufficient to determine the magnitude of a Long Period
event.

In fact, the spectral content of the VT event, with a source-duration shorter
than that of an LP event, is much broader than that of the LP event, it makes
the coda of a VT reach in high frequency energy making it longer than that of
the LP event.

Consequently we needed a different parameter to evaluate the energy and
then the magnitude of LP events.

After its definition (Kanamori, 1977), the moment-magnitude scale came into
common use for the physical definition of a tectonic earthquake strength,
since, first of all, it does not saturate for large earthquakes and it is based on
the physical properties of the source. It is based on the calculation of the
seismic spectrum assuming a double-couple source model and a far-field



radiation and measuring the level of the flat portion of the source spectrum
(log-log plot).

Even if the moment-tensor inversion would produce more accurate results
(e.g. Aster, et al., 2008 and Auger, et al., 2006) its application in quasi-real
time could be more complicated.

We consequently decided to base the developed algorithm for the evaluation
of the LP magnitude, on the comparison with the energy of VT event and LP
event, linking the energy to the moment magnitude for a VT.

To reach this scope we studied the LP seismicity recorded in the 2006 October
at Campi Flegrei Caldera, we developed the new algorithm for the LP
magnitude estimation and we applied that method to this seismicity and also
to the LP seismicity recently recorded at Colima volcano (Mexico) and Etna
volcano (Sicily, south of Italy).



3. Volcanic seismicity - source dynamic and

seismic signature

To have a clear idea of the link between the fluids transport (and therefore
the volcanic activity) and the seismicity , it can be useful to classify the
volcanic seismicity according to the waveform features and consequently to
the physics of the source processes. A magma intrusion or oscillation perturbs
the volcano edifice and leads to different kinds of signals. The large variety of
seismic signals observed in volcanoes is thus the representation of the
structural heterogeneity of the volcanic edifices, and can be classified into
two families linked to two different sources: one originates in the rock
(Volcano-Tectonic events) and the other originates in the fluid, of magmatic
or hydrothermal component (Long-Period, Very Long Period, Tremor and
Hybrids).

The first kind of events is associated with the shear failure in the volcanic
edifice where the magmatic processes provide the source of the strain energy
that leads to rock failure. These earthquakes are called Volcano-Tectonic (VT),
to discern them from the ‘pure’ tectonics events although they’re practically
indistinguishable. So it is possible to discern the P and S waves arrivals and
the characteristic frequency can reach value much greater than 5 Hz (Figure
1). The only difference from the ‘pure’ tectonic seismicity is the frequent
occurrence of swarms of VT events, which do not follow the usual main-after-
shock distribution (Wassermann, 2011). They involves purely elastic processes
in the brittle rock and are often located around the conduit and magma
reservoir. The VT seismicity is often the first sign of a renewed activity. The
rising magma acts as an additional stress source, that superimposed to a
regional stress field, leads to tensile faulting when magma is breaking the
rock, or to earthquakes on preexisting faults as a reaction to additional stress.
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Figure 1 VT event recorded at Mt. Merapi (Indonesia). Arrivals of P and S waves clearly
distinguishable. The colour coding represents normalized amplitude spectral (Wassermann,
2011).

The other kind of volcano seismicity, involving processes originating by the
dynamic of the fluid, inside structures such as crack, pipes or fluid filled
conduits, includes Long Period (LP) events, Very Long Period (VLP) and
Tremor. The fluid component can have magmatic or geothermal origin and
the gas content can vary greatly from volcano to volcano, accordingly with the
depth of the source and the fugacity of the gas itself.

LP events differ from the tectonic earthquakes in their signature and spectral
characteristic. There is no clear arrival for P and S waves and its characteristic
frequency varies in fact from 0.5 Hz to 5 Hz (lower than the VT’s) (Chouet ,
1996) (Figure 2, Figure 3).

The VLP characteristic frequencies are lower than 0.5 Hz, while tremor have
the same frequency band of LP but it differs from the latters about the
duration: tremor is characterized by a signal of sustained amplitude lasting
from minute to months or longer (Figure 4). This suggests that LP and tremor
may have the same source process differing only in duration.

In the study of the dynamics of the whole volcanic structure, LP, VT and
tremor are intimately tied together.
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Figure 2 LP event recorded at Mt. Merapi. The dominant frequency is about 1 Hz (Wassermann,
2011).

Redoubf Volcano: April 1, 1992, 10:02:36 UT
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Figure 3 Example of LP event recorded at two different stations at Redoubt volcano (Alaska)
(Wassermann, 2011). The spindle shape waveform is also known as ‘tornillo’.
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Figure 4 Tremor signal recorded at Mt. Semeru (Indonesia) (Wassermann, 2011).

Moreover, there is another kind of volcanic earthquakes, named Hybrids, that
represents the transition between the two families described above, with
signal and spectral characteristics of both intermediate between the LP and
VT events. The hybrid events have an onset more pronounced than that of
the LP, but an harmonic coda similar to the former . They are thought to
involve shear faulting on a plane intersecting a fluid-filled crack, so they have
both volumetric and shear component, and they can additionally reflect
possible path effects (Wassermann, 2011).

This events are also related to a very shallow activity that may be associated
with a growing dome (Miller, et al., 1998).

12
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Figure 5 Hybrid event Redoubt volcano (Alaska) (Wassermann, 2011).

3.1 Long Period seismicity

In volumetric sources, gas, liquid and solid are dynamically coupled. The
elastic radiation is the result of processes originating in the physics of the
multi-phase fluid flow through cracks and conduits and the Long Period
events are manifestations of such processes. The fluid (liquid or gas) may be
of magmatic or geothermal origin and the gas content can vary depending on
the volcano properties.

LP seismicity often occurs in the form of swarms and the similarity in the
signature of individual events in some swarms strongly suggests the repetitive
excitation of a stationary source in a non-destructive process.

Long Period events show no S-wave arrival but a very emergent signal onset
(see, for instance, Figure 2) and, in the still rare cases in which the location of
source are determined, they are often situated in the shallow part of the
volcano (< 2 Km) (McNutt, 2005).

The source of the low frequency events is believed to be due to the
mechanism of resonance produced by the oscillation of a fluid (magma or
hydrothermal fluid) within cracks due to a perturbation of short duration
(Chouet, 2003).

The LP events may be suitable to describe the volcanic and hydrothermal
processes, since the properties of the resonator system may be inferred from
the complex frequencies of the decaying harmonic oscillations in the tail of
the seismogram.

The damped oscillations in the LP coda are described by two parameters, f
and Q; f is the frequency of the dominant mode of oscillation, and the
parameter Q represents the quality factor of the oscillatory system (other
than the quality factor of the earth medium). The observed Q may be
expressed as:

Q'=0Q M+ Q"

Eq. 1
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where Q;! represents the radiation losses at the fluid-rock interface (is a
function of the impedance contrast at the fluid-rock interface and of the
geometry of the resonating cavity) and Q;' represents the intrinsic
attenuation of the fluid vibration depending only on the fluid properties
(Saccorotti, et al., 2007).

Typical frequencies observed for LP events are in the range 0.5-5 Hz (Chouet,
1996), and typical observed Q range from values near 1 to values larger than
100. In the following figure (Figure 6) waveforms recorded at different
volcanoes and characterized by different Q values are represented.
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Figure 6 Waveforms of LP events recorded at different volcanoes: Kusatsu-Shirane, Galeras,
Kilawea and Redoubt. The signatures are characterized by different Q values: the Q values of
Kilawea and Redoubt events are between 20 and 50, the Q values of Kusatsu-Shirane and galeras
are higher than 100 (Chouet, 2003).

Once spectral peaks are identified in the wavefield of a LP event, to
hypothesize and to test a model for the resonator source represents the next
step.

Many geometries are possible resonators (pipes, spheres, cracks...) but the
one that better explains the seismic data accordingly with mass transport
conditions is the crack model (Chouet , 1996).

The fluid-filled crack model was originally proposed by Aki (Aki, et al., 1977)
and has been extensively studied by Chouet (Chouet, 2003 and references

14



therein) using a more formally detailed description of the coupling between
fluid and solid.

This model consists in a rectangular crack with length L, width W and
thickness d, filled with a fluid of density ps, bulk modulus b and acoustic
velocity a. The crack is in a solid half space with density ps, rigidity u and
compressional velocity a.

The resonance is impressed by a pressure transient applied symmetrically in a
small area in the center of the crack (see Figure 7).

ot P

ock
L ::;atri‘
T w

Figure 7 Geometry of the crack model (Chouet, 2003).

The crack resonance is controlled by two parameters: the crack stiffness C and
the impedance contrast Z (Eq. 2):

The stiffness controls the dispersion characteristics of the wave and the
resonant frequencies generated by the source. The frequency is also
controlled by the impedance contrast Z, that controls the duration of the
signal too. The presence of gas bubbles can reduce the acoustic velocity and
thus make possible the resonance at long period, and it can also increase the
signal duration (increasing the Z). The long period signal can also be
generated for an increasing of the C value (increase the phase velocity of the
crack wave) if the crack is characterized by a large aspect ratio L/d or large
contrast b/u.

15



Once assumed a model for the crack-source, the properties of the resonator
system can be determined from the complex frequency related to Q and f
(Nakano & Kumagai, 2005) of decaying harmonic oscillations in the tail of the
seismogram. The complex frequency is defined as f — ig where i = V-1, fis
the frequency and g the growth rate related to the quality factor of the
resonator Q because Q™1 = —2g/f which represents the fractional loss of
elastic energy in each oscillation cycle at frequency f (Kumagai & Chouet,
1999).

A spectral method, named Sompi, was developed to quantify the spectral
properties of the harmonic signals (Kumazawa, et al., 1990).

So the properties of the fluid involved in the resonator may be deduced from
the spectrum of the LP seismicity, but, to better constrain the possible results,
a knowledge of geological and geochemical characteristics of the area are
necessary (Chouet, 2003).

16



4. Campi Flegrei Caldera

The area of Campi Flegrei (‘burning fields’ from the greek) is located 15 km
west north-west of the city of Naples, is almost circular area of size 12x15 Km,
inhabited by 0.5 million people.

The Campi Flegrei is a caldera with, inside, numerous volcanic structures,
formed during the various eruption, subsequent to those that caused the
formation of the caldera.

Figure 8 Campi Flegrei area, with the main volcano structures (Vulcani d'ltalia - Uniroma3).

In Campania, the volcanic activity began around 150,000 years ago, in the
Ischia island, and later in the Procida island, but in the Campi Flegrei area, the
first manifestations, characterized by numerous and also violent eruptions,
are probably occurred later, about 50-45000 years ago in the area of Cuma,
although perforations made for the realization of geothermal wells, have
shown the presence of other products arising from a previous activity. The
eruption activity was concentrated in three phases separated by quiescence
periods of 1000 and 3500 years (Di Vito, et al., 1999).

The most important eruptions is undoubtedly the gigantic eruption of
Campanian Ignimbrite (Cl) (37-40,000 years ago) whose eruptive products,
mainly ash and pumice, spanning an area that is covering the ‘Piana Campana’
up to the Apennines, with thicknesses that reach to 100 m (Scandone &
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Giacomelli, 1998). They are almost absent in the central part of the Piana,
either due to erosion, either because they are covered by the products of the
next activity of Vesuvius and Campi Flegrei themselves and by alluvial soils.
The theories on the genesis of Cl are numerous. According to some
reconstructions (Rosi , et al., 1983) (Rosi & Sbrana, 1987), this eruption
occurred along a circular fracture which coincides with the edge of the
current Campi Flegrei; the rapid emission of about 80-100 km® of magma
caused the collapse of the roof of the magma chamber and the formation of
the caldera depression.

According to Lirer, et al., (1987), however, the eruptive fracture included a
larger area reaching the Bay of Naples, while Scandone et al. (1991) it had a
NE-SW orientation and ran laterally to the Campi Flegrei. According to these
authors, the origin of the Phlegrean caldera is to reconnect to a later stage
than that of Ignimbrite Campana, the so-called Neapolitan Yellow Tuff
eruption, whose products are widely distributed on the edge and inside the
caldera (12000 years ago).

After this eruption the central part of the Campi Flegrei collapsed, forming the
caldera (Lirer, et al., 1987). Although smaller than the volume of Ignimbrite
Campana (20 to 50 km® of products, covering over 350 km?), after the NYT
eruption, the morphological appearance of the area changed a lot, giving the
Gulf of Naples, more or less its present appearance.

According to Scandone (Scandone R., et al., 1991) after the eruption of the
NYT, the lowest part of the Campi Flegrei has been submerged by the sea. The
activity outside the caldera ends with this eruption, and the successive
eruptions are confined within or along the edge of the caldera itself. The post-
caldera activity is evidenced at the edge of the caldera itself by the cone of
Gauro Tuff, with an age of about 10000 years. Around 8000 years ago, a large
plinian eruption (Pomici Principali), occurs in the eastern area of Campi
Flegrei. Is thought that this explosive eruption was followed by the eruption
that built the island of Nisida and perhaps by another eruption on the crater
rim where lately was formed the Solfatara.

Around 6000 years ago, after a period of stagnation in activity, evidenced by a
paleosol, the central part of the Campi Flegrei begins to rise. In Pozzuoli, the
movement of the soil is testified by a layer of marine sediments raised by
about 40 m above the sea level.

Between 4500 and 3500 years ago, an intense eruptive activity returns in the
Campi Flegrei (Astroni, 3700 years ago, and Monte Spina, 4000 years ago); the
latest eruptions related to this phase of activity is the eruption of Senga and
the Averno (Scandone & Giacomelli, 1998).

Subsequently, the soil of the Campi Flegrei, in its central part, begins to fall
slowly in coincidence with a period of stagnation in the eruptive activity.

18



In Roman times, continued subsidence forced to incessant repair and
rehabilitation of the road Erculea, Roman buildings along the coast are
gradually reached to the sea, and, around the ninth century AD, the city of
Pozzuoli is partially submerged. This phenomenon, which will be explained in
more detail in the next section, is called bradyseism, and is thought to be
probably related to the gradual readjustment of the soil after the release of
large volumes of magma (which occurred in previous eruptions).

The last eruption in the Campi Flegrei happened in the 1538, and the
volcanologists have tried to reconstruct the eruptive dynamics from the
studies of the historical chronicles the detailed study of the deposits.

Around the 1502, the inhabitants of Pozzuoli noted that new stretches of
beach are forming and in 1536 begins a new swarm of earthquakes, which
become continuous and violent in the last week of September 1538, when the
sea retired before the Tripergole village, near the Averno lake.

At one o'clock in the morning of September 29" near the sea, a bulge comes
from the cold water, probably due to the increased pressure caused by
magma on the underground aquifer. Quickly this water is transformed into a
cloud of steam and mud that rises in the sky, forming a characteristic
mushroom-shaped column and destroying a small group of houses, after that
begin to be ejected even pumice and scoria.

After this stage, follows a more properly magmatic phase, perhaps with the
issue of scoria and pyroclastic flows. The last stage of the October 6" is
characterized by strombolian activity.

In a few days a mound of about 130 m is formed, and is called, with little
imagination, Monte Nuovo (Vulcani d'ltalia - Uniroma3).

The volcanic history of Campi Flegrei cannot be considered completed just
because there have been 'only' about five hundred years after that eruption,
in which there was a large urban explosion that completely ignores the
possible risks too.

19



Figure 9 Crater of Monte Nuovo, (a) from (Vulcani d'ltalia - Uniroma3), (b) (OV-INGV)
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Figure 10 Disposition of volcanic systems in the Phlegrean caldera. The dashed lines approximate
the areas of lowering, as a result of the Ignimbrite Campana eruption (the external one) and the
Tufo Giallo Napoletano eruption (the internal). (Vulcani d'ltalia - Uniroma3)
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4.1 The bradyseism and seismic activity at Campi
Flegrei

One of the peculiarities of the Campi Flegrei area is the phenomenon of
bradyseism (from the greek ‘slow movement of soil’), which consists of a
raising of the ground, often very clear, followed by a phase of slow
subsidence.

The phases of uplift are usually accompanied by seismic activity, while the
phase of subsidence is aseismic (e.g. Saccorotti, et al., 2001, and references
therein).

The place that, more than any other, shows this phenomenon is the Macellum
(roman market better known as the Temple of Serapis, Figure 11) located
near the port of Pozzuoli. The ruins of this building (which dates from the late
first century AD) have been very useful for the reconstruction of bradyseism
phases and in particular of changes in soil level compared to the marine’s,
observing the holes produced, on the columns, from Lithodomes (mollusks
living in the coastal environment in the limit of the free surface) Figure 11
(Morhange, et al., 2006).

Submersion of Pozzuoli (up to 7 m) wasn’t a unique event, but included three
maximum threshold oscillations between the fifth and the fifteenth centuries
A.D. The first two (400-530 A.D. and 700-900 A.D.) weren’t followed by a
volcanic eruption, but the last one was culminated with the 1538 Monte
Nuovo eruption (Morhange, et al., 2006).

Vertical ground deformation is common in active calderas but they are not
always followed by an eruption. Generally, ground deformation is due to an
inflation of magma at depth, so it reflects an evolution of magmatic system
possibly ending with an eruption.

In the Campi Flegrei case, the hydrothermal fluids circulating between the
surface and the magmatic chamber plays an important role.
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Figure 11 Temple of Serapis in Pozzuoli (Vulcani d'ltalia - Uniroma3).

Figure 12 Submerged Roman port in the gulf between Baia and Bacoli (Vulcani d'ltalia -
Uniroma3)

In the last four decades, Campi Flegrei caldera has been among the world’s
most active caldera characterized by intense unrest episodes involving huge
ground deformation and seismicity, but has not culminated in an eruption.
The most recent high intensity bradyseismic crisis, is in the period 1982-1984
(Battaglia M., et al., 2006, Petrazzuoli, et al., 1999, Bianchi, et al., 1987). In
this period there was a noticeable uplift of 1.8 m in the area of the town of
Pozzuoli, accompanied by more than 16,000 earthquakes with maximum
magnitude M = 4 (these events were recorded by the first mobile digital
seismic network, managed by the University of Wisconsin).

Since January 1985, began a phase of slow subsidence, interrupted by short
phases of uplift in 1989, 1994, 2000 .

22



Among these episodes, the one of 2000 (July-August) is accompanied by two
seismic swarms, the first of which is characterized by long-period events (LP),
never recorded in the Campi Flegrei until that time.

Since August 2000, begins a new phase of subsidence until November 2004,
which starts a new light uplift (4 cm) ending in October 2006.

In the period between January 1°* and April 14™ 2006, only seven
microearthquakes were recorded in the Campi Flegrei area. However,
throughout the second half of 2006, there has been a strong activity, with the
highest number of events since 1985. In fact, 1043 seismic events of small
magnitude have been recorded, most of which located in the area of the
Solfatara: 166 of these were classified as volcano-tectonic and 877 as Long
Period (LP). Their localizations are shown in Figure 13:
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Figure 13 Localizations of VT events, recorded between 19" and 28" October 2006, in the Campi
Flegrei Caldera. (OV-INGV)

A summary of the history of ground deformation at Campi Flegrei is
represented in the following figure (Figure 14).
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Figure 14 Variations of caposaldo n.25, in the Corso Umberto in Pozzuoli city, measured by

geometric leveling (OV-INGV).

About the most recent activity in the Phlegrean area, geodetic measurements
show a gradual uplift of the ground since 2008 (Figure 15). At the end of 2007,
after a period of subsidence following the uplift of 2004-2006 (+ 4 cm), a new

phase of uplift occurred, that has continued up through 2010 (average speed

of +1 cm/year). Between April and June 2011, the vertical ground

deformation rate increased up to 1 cm/month, after then it returned to the

previous value. This evolution is well illustrated by the time series of the

change in height for the GPS permanent station of RITE, located in Pozzuoli, in

the maximum vertical deformation area (Figure 15).

There is an evidence also in the North and East component of GPS measures

of ground deformation, in accordance with the inflation phenomenology of

the Pozzuoli area during the 2008-2011 period (Figure 16).
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Figure 15 Time series from 2006 of the vertical deformation in Pozzuoli, measured by the GPS
permanent station (OV-INGV).
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Figure 16 Planimetric displacements in the Phlegrean area in 2008-2011 period (OV-INGV).

About the seismicity, the Campi Flegrei area is characterized by a moderate
activity that occurs mostly in swarms and during the deformation crisis the
number and the magnitude of the seismic events increase.

Since 2000, 10 seismic crisis with swarms of earthquakes and some individual
event occurred. In the beginning of 2011, 62 Volcano-Tectonic events were
recorded with magnitude always less than 1 (Figure 17).

These earthquakes are mainly located in the Solfatara, the most active area in
Campi Flegrei caldera.
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Figure 17 Magnitude of seismic events from 2006 to 2011 (OV-INGV).

In the recent period the dynamic activity at Campi Flegrei caldera increased.
Since the end of 2005 up to 2012 the vertical cumulative deformation
recorded at the GPS-RITE (Rione Terra) station is of 21 cm (10 centimetres
during 2012). The rate of ground deformation in 2012 suffered a rapid
increase up to 5 cm/year (Figure 18). On September 2012, 219 earthquakes
were recorded in the Campi Flegrei area and the rate of ground deformation
reached a value of 1-1.6 cm/month. After this period the seismic activity and
deformation went back to the values before this crisis, but at the end of 2012
there was a rapid increasing to 2-3 cm/month and a few number of seismic
event. Also the geochemical activity underwent an increasing, mainly in the
area of Pisciarelli vent, possibly due to the increasing of rainwater. In the first
month of 2013 the ground deformation rate decreased to 1 cm/month
(Figure 19) and the seismic activity went back to the background state with
just a few small and shallow events recorded in the last months (OV-INGV,
Bollettino mensile vulcani campani, 2012) (OV-INGV, Bollettino mensile

vulcani campani, 2013).

26



STAZIONE GPS RITE (Rione Terra - Pozzuoli)
220

180 ¢

Variazioni di Quota (mm)
8

.20 : N L R N L s L N N N 2 i
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

Figure 18 Vertical ground deformation at the station RITE (Pozzuoli) since 2000 to 31% January
2013 (OV-INGV, Bollettino mensile vulcani campani, 2012).
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Figure 19 Temporal series of vertical ground deformation at RITE station (Pozzuoli), since 1*
January 2012 to a4t February 2013 (OV-INGV, Bollettino mensile vulcani campani, 2012).
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4.2 The seismic network at Campi Flegrei

In order to monitor volcanoes, the principal use of a seismic network is the
detection of signals associated to the volcano activity and correlated to the
variations of its dynamic state.

Through the detection, analysis and interpretation of the seismic phenomena,
the monitoring of volcanic processes aims to report the evolution of volcanic
activity leading to a possible eruption in the short or medium term.

The Osservatorio Vesuviano (INGV) manages networks for seismic monitoring
of the high risk volcanoes of Vesuvius, Campi Flegrei and Ischia which are high
risk volcanoes because of their eruptive style, mainly explosive, and their
proximity of large urban areas, and it also provides information on the
seismicity at a regional scale measured by the Centralized National Seismic
Network (INGV - National Center for Earthquake).
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Figure 20 Seismic network of Osservatorio-Vesuviano, (OV-INGV)

The first reports of seismicity for a neapolitan volcano, Vesuvius area, date
back to the second half of 1800 (the electromagnetic Palmieri seismometer —
1856).

In the second half of 60’s four stations were operating at the Vesuvius
volcano, equipped with electromagnetic seismometers Hosaka and smoked
papers records.

The first stations equipped with modern instrumentation (electromagnetic
seismometers, frequency modulation, radio and telephone) date back to the
early 70's.
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Over the years, the Osservatorio Vesuviano Seismic Network was expanded
both in number of stations, instrumentation and data acquisition systems.
This enhancement has significantly lowered the detection threshold of the
network, by doubling the number of localizable events and increasing the
number of recorded signals with a high signal-to-noise ratio.

The complete seismic network that recorded the 2006 events at Campi Flegrei
is in Figure 21 and consisted of:

¢ 10 analogic stations, three components and short period;

« 1 digital station, three components and short period;

e 8 stations, three components and broad band;

e 1 seismic antenna equipped with 5 sensors, three components and
short period, plus 1 accelerometer.

The complete seismic network operating at Campi Flegrei area is illustrated in
the following figure (Figure 21).

DTM by: Laboratorio di Geomatica e Cartografia INGV-OV
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Figure 21 Map of Osservatorio Vesuviano seismic network operating at Campi Flegrei area (OV-
INGV). Blue symbols refers to the permanent network and yellow symbols to the temporary one.
Stations equipped with short period sensor are marked with circles and the triangle are used for

the broadband sensor stations. The circle with the black point inside refers to the array
(Saccorotti, et al., 2007).
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5. The October 2006 seismic events at Campi

Flegrei

After the seismic swarm of October 2005, in October 2006 started a new
seismic crisis, consisting of approximately 160 microearthquakes (M<0.8)
(Volcano-Tectonic events), recorded in the period from October 19" to 30™,
2006.

This activity was also followed by several hundreds of weak events with a
monochromatic low frequency spectra, peaked at frequencies between 0.7
and 1 Hz. This events have a lack of clear S-wave arrival, a spindle-shaped
waveform and were classified as Long-Period events. Their activity climaxed
on October 27th, 2006, about one day after the most intense VT activity
(Figure 22) (Saccorotti, et al., 2007).
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Figure 22 (a) Number of VT earthquakes, energy release and ground vertical deformation in
Pozzuoli, from GPS measurements. (b) Number of VT and LP earthquakes during 6 hours in the
20"-30™ October 2006 crisis (Saccorotti, et al., 2007).

The last VT swarm occurred on December 21%, 2006, with highest magnitude
of the entire period (M=1.4) .

The sources of most of the VT seismicity of October 2005 and October 2006
are clustered at depth spanning from 1 Km to 4 Km beneath the Solfatara
crater. The origin of the December 2006 swarm is localized at depth from 1
Km to 2 Km under the Astroni crater.

Focal mechanisms, show a class of normal solutions with nodal planes
rotating from N-S to NNE-SSW and finally to NNW-SSE (Saccorotti, et al.,
2007).
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About the Long Period events, several factors, as the absence of the same
frequencies peaks in either the earthquake and the noise spectra, the
presence of the same peak among all the stations of the network, suggest
that they reflect a source effect.

The waveforms of the Long Period events can be grouped in three clusters
(Figure 23) with similar locations along the S-E rim of the Solfatara at a depth
of 500 m (Saccorotti, et al., 2007), (Figure 24).
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Figure 23 Stacked velocity seismograms for the three clusters, from the NS component of station
ASB2, individually normalised to their maximum amplitude (peak-to-peak) (Saccorotti, et al.,
2007).
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Figure 24 Locations of the three clusters of LP events, superimposed to a map of the Solfatara
Volcano (Saccorotti, et al., 2007). The three colors are relative to the three clusters of events
(Saccorotti, et al., 2007).

The monochromatic character of the LP oscillations and the similarity of the
stacked waveforms suggest that this signal are generated by a non-
destructive process of resonance, probably the harmonic oscillation of a fluid
filled crack repeatedly triggered by very impulsive pressure boosts (Saccorotti,
etal., 2007).

To better understand the source of this low frequency seismicity and the
characteristics of the fluids involved in the resonance processes, following the
Chouet theory (Chouet, 2003) and using the power spectra of those LP, the
quality factor of the resonator (different from the quality factor of the Earth
medium) and the dominant frequency were estimated (Saccorotti, et al.,
2007, Figure 25).

From the relationship (Eq. 3):

Eq.3

where f is the frequency of the dominant spectral peak and Af is the width of
that peak at half of the peak’s magnitude, the quality factor Q of the
resonator cavity could be obtained.

32



Using the radial components of the waveforms recorded at the ASB2 station
(the one with the highest SNR), a quality factor peaked around the value 4 is
obtained (Saccorotti, et al., 2007).

The values of Q could span over a wide range (10-500, from literature),
reflecting the contrast of different physical properties between the
multiphase fluid and the matrix of the surrounding rock (Kumagai, et al.,
2002). In our case we can interpret the values of Q, in terms of a contrast of
very low impedance at the fluid-rock interface preventing the trapping of
elastic energy in the crack.

0 100 200 300
EVENT INDEX (CHRON. ORDER)

Figure 25 Dominant frequency (a) and quality factor (b) for the radial component of the LP events
at station ASB2. Different tones correspond to event of different cluster (Saccorotti, et al., 2007)

Applying the measured quality factor to the crack-like geometry proposed by
Chouet (Chouet, 2003) and considering the shallow depth of the LP source
(500 m), the most likely candidate for the source process generating those LP
events is a vibrating fracture filled with water vapour mixed with a low gas
content (maybe the hydrothermal system of Solfatara volcano, extending
over the 0-1500 m depth range) (Cusano, et al., 2008).

The crack length is between 40 m and 420 m, a size range which is consistent
with the spatial spreading of the LP hypocentres (Cusano, et al., 2008).

Hence the October 2006 crisis can be explained in terms of fluid exchange
between a deeper and a shallower reservoir beneath the centre of Pozzuoli
(Battaglia M., et al., 2006). Possibly an overpressure in a cavity at 3-4 Km of
depth containing fluids of magmatic origin, may have been caused a batch of
magma rich in gas, from a deep source (Troise, et al., 2007).

This pressurization, in addition to the deformation, caused brittle failure in
the above rigid layer, producing the VT events, occurring during the uplift
phase.
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The pressurization increased the permeability of the soil allowing the
migration of the fluids and inducing the LP resounance events in the shallow
hydrothermal system of the Solfatara (Saccorotti, et al., 2007). This caused an
increasing of the temperature and velocity of the gases at the fumaroles
(Cusano, et al., 2008) (Figure 26).

This scenario clarifies the role of the hydrothermal systems beneath the
volcanoes: it induces ground deformations and LP activity and it amplifies the
response to the arrival of fresh magmatic fluids from the depth.
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Figure 26 (a) Daily average temperature (infrared measures) at Bocca Grande fumarole of
Solfatara (solid line) compared with the steam velocity at the same place (grey dots). The values
are normalized. (b) Daily numbers of VT (black line) and LP (grey line) activity (Cusano, et al.,
2008).

The scenario suggested for the October 2006 crisis is illustrated Figure 27
(Saccorotti, et al., 2007).
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Figure 27 Possible scenario for the 2006 crisis at Campi Flegrei (Saccorotti, et al., 2007).
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6. Data analysis - first step

In this chapter, the different steps of the analysis of the LP seismic data will
be illustrated.

After the first step in which the waveforms and their characteristics will be
studied, the different procedures adopted for the determination of the
duration and the energy of that seismic events will be described.

In particular in the first step, the energy will be estimated through the
envelope of the waveforms searching for a relation with their durations.
During this phases lots of routines were developed to better understand the
seismicity in order to quantitatively define the right parameters in the final
analysis.

6.1 Preliminary analysis of the waveforms

In order to have the best data set possible, we chose the seismic stations
whose waveforms presented the highest value of the SNR: ASB2, TAGG,
AMS2, BGNB (Figure 28). The selected seismic stations are all equipped with
digital 3C broadband velocimeters and they are localized near the epicentres
of the events recorded on the October 2006 and analysed in this work ( see
Figure 28).

DTM by Laboratorio di Geomatica o Cartografia INGV-OV.
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Figure 28 Seismic network in the Campi Flegrei area. Highlighted in red are the stations whose
waveforms are used in this work (OV-INGV).
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The waveforms have been bandpassed using a ‘Butterworth’ filter, with 3
poles and 3 zeros, between 0.2 Hz and 1.2 Hz for the ASB2, AMS2 and TAGG
stations, and between 0.5 Hz and 1.5 Hz for BGNB.

An example of 3C waveform for each station is reported in the Figure 29,
Figure 30, Figure 31 and Figure 32, for the event recorded on October 26"
2006 at 00:05 at the four different stations. Hereafter we refer to this event
as the "sample event".
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Figure 29 Three components of the event recorded on October 26™ 2006 at 00:05 at the ASB2
seismic station.
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Figure 30 Three components of the event recorded on October 26™ 2006 at 00:05 at the TAGG
seismic station.
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Figure 31 Three components of the event recorded on October 26™ 2006 at 00:05 at the AMS2
seismic station.
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Figure 32 Three components of the event recorded on October 26™ 2006 at 00:05 at the BGNB
seismic station.

Choosing waveforms with the highest signal to noise ratio (hereafter SNR),
drastically reduced the number of treated events.

The analyzed LP seismicity (actually for the LP seismicity in general) is
characterized by an unclear onset and end of the waveform. This evidence,
combined with the low SNR, forced to develop a supporting function for
manual detection of the onset of the seismic impulse, in addition to the
formulation of algorithms useful to the identification of the duration (Section
6.2).

Observing the waveforms, could be noticed, in some components of each
seismic station, a repetitive waveform occurrence, with amplitude often
gradually lower than the first one (Figure 29, Figure 30, Figure 31, Figure 32).
The presence of this kind of ‘sub-events’, even if it goes beyond this work, will
be a little better studied in a dedicated Section (Section 6.4.2).
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6.2 Duration of the events

Duration-magnitude scale are widely used in the volcanic observatories
practice, generally to furnish quantitative evaluation of the energy associated
to volcano-tectonic events. At first step, we were interested in trying to find a
duration-magnitude calibrated scale for routine rapid estimations of the
energy content for the LP seismicity too.

The differences of the LP’s waveforms respect to the tectonic seismicity
involve also the difficulties in measuring their onset and their exact time
duration. To achieve this goal different procedure have been developed. The
duration of the LP was visually selected from the waveforms or from some
supporting functions (root-mean-square (RMS) or amplitude-envelope), or
automatically checked through two different routines based on the envelope
or the RMS of the waveforms.

The three methods proposed will be discussed in the following paragraphs.

6.2.1 Duration - visually selection

It's not easy to estimate the duration of a low frequency seismic event, due to
its emergent onset and to the coda decaying masked into the noise.
Accordingly, we used two different supporting-function for the visual
inspection of the waveforms, that helped us in this step of the study.

The first function has been derived by the method adopted in the dissertation
of Petrosino, et al., 2007; it is based on the features of a function obtained
through the Root Mean Square (RMS) of the signal.

We proceeded in the following way:

e each seismogram has been divided into many intervals of length 0.25
seconds. This duration window is chosen in order to reduce the noise-
fluctuations that could masks the real trend of the final function.

o for every time window the RMS was calculated (Eg. 4). So we obtained
a value of RMS every 0.25 s of signal.

RMS =

Eq. 4

where y; is the waveform amplitude and N the number of the
intervals.
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e the value obtained for every time window was then multiplied by
each value of the times of all the recording, obtaining a function
which, for sake of simplicity, we will call RMST (Eq. 5).

Eq. 5

where n is the indices of each point in the signal array.

The obtained curve is very helpful in selecting the duration of these events
(Petrosino, et al., 2007); in fact, plotting Eq. 5 as a function of time, it shows a
rapid increasing that corresponds to the impulse arrival and, after having
reached a maximum, it decreases more or less rapidly until it reaches a
minimum value, beyond which it starts to rise again. The time corresponding
to this minimum, marks the end of the useful signal (Figure 33).
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Figure 33 The function RMST (dotted line) calculated for the VT waveform in the lower panel

(Petrosino, et al., 2007).

In fact, before the seismic arrival, the RMS is sensible to the background noise
of the seismogram, so its amplitude is very low and even if multiplied by the
time it won’t undergo major changes. On the contrary, after the arrival of the
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signal, the value of the RMS, and consequently of the RMST, sharply
increases.

Only after the end of the signal, the RMS resume very low values, which,
however, multiplied by a growing time, and greater than those in the first part
of noise (before the seismic impulse), are responsible for an increasing of the
RMST function.

To better visualize the function RMST and minimize the fluctuations due to
the noise, this function is applied to the waveform envelope. The envelope is
calculated through the Hilbert Transform. Since the Hilbert Transform of a
function has the characteristic of being out of phase with respect to the
starting function (Figure 34), the envelope has been obtained by means of the
following formula:

I(t) = x(t)? + x(t)?

Eq. 6

where x (t)represents the signal and x(t) is its Hilbert Transform.

W%m
Figure 34 Superposition of a signal (black line) and its Hilbert Transform (blue line).

Applying the function RMST to the envelope we were able to select the signal
in each recording and to obtain, than, its duration; however sometimes the
duration estimate was difficult due to problems in the identification of the
end of the signal.

In Figure 35 an example of the seismogram and the related RMST function is
illustrated.
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Figure 35 (a) Waveform (filtered between 0.2 Hz and 1.2 Hz) of an event of 26" October 2006 at
the ASB2 seismic station; (b) its function RMST. The red arrows correspond to the arrival time and
the end of the seismic impulse.

The second developed supporting-function is based on a kind of envelope of
the waveforms. We decided to use an amplitude-envelope that refers to the
changes of the waveform amplitude over the time. To develop it, we
calculated the envelope linking the maximum of the modulus of the
amplitude at several times. The complete array of the waveform was divided
into intervals of a fixed duration. The time-step was chosen to “enough”
reduce the noise fluctuations and to obtain a function that well approximated
the waveform trend, at the same time.

For each interval the maximum of the modulus of the waveform amplitude
was calculated and saved together with the corresponding time value. So we
obtained an array of times correlated to the original ones (in this way, the
comparison of the envelope with the original waveform was possible) and the
corresponding values of amplitude envelope (See panel (b) in Figure 36 ).

To better select the duration we denoised the envelopes subtracting the
average of 10 seconds of noise envelope (the amplitude of the envelope
several seconds before the seismic impulse) (see panel (c) in Figure 35).

So we visually inspected the envelopes selecting the onset and the end of
them and using these to determine the duration (panel (c) in Figure 36).
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Figure 36 (a) Waveform (filtered between 0.2 Hz and 1.2 Hz) of an event of 26" October 2006 at
the ASB2 seismic station, (b) its envelope, (c) the envelope denoised. The red arrows correspond
to the arrival time and the end of the seismic impulse.

In the definition of the amplitude envelope, the time interval, at which the
maximum of the amplitude are selected, is very important, because a very
short step doesn’t smooth enough the outline but, if it is too long it could hide
the exact time to select.

Both the developed supporting-functions greatly helped us in the onset
identification and duration selection, even though sometimes, to better mark
the end of signals, the visual inspection of the original waveform was
necessary.

6.2.2 Duration routines

In order to improve the previous procedures and make them usable in case of
a large data set, we decided to develop some Matlab routines to determine
the arrival time and the duration of the seismic impulse.

We decided to develop two routines based on different types of envelope:
one obtained through the amplitude-envelope, and the other obtained
through the RMS function.

First of all, these two routines were applied to the waveforms recorded at
ASB2 since they showed the highest SNR of the entire data set.

6.2.2.1 Duration routine using the amplitude-envelope

This method is based on the calculus of the amplitude-envelope of the
waveform (for the amplitude-envelope definition see Section 6.2.1).
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The first step is to estimate the threshold to define the first arrival of the
impulse. This is defined by computing the average amplitude value for 10
seconds of envelope at the beginning of the seismogram, where there is the
contribution of only seismic noise. At this point, the routine scans the entire
envelope and, the point for which the amplitude is larger than the threshold
multiplied by a coefficient (greater than one) defined by the user, for more
than a number of points defined by the user as well, is saved as the first
arrival of the impulse. Then the routine continues to scan the envelope and,
the time corresponding to an amplitude value lower than the threshold
(multiplied by a coefficient different from the first one), for more than a
number of points defined by the user, represents the end of the impulse.

To avoid mistakes selecting the wrong impulse, the routine saves the
waveforms only if their envelope maximum is not less than another threshold
defined as the maximum of the envelope multiplied by a coefficient between
Oand 1.

This procedure was applied to each component for each event in order to
have a large data set and make the statistical results more reliable.

The results are represented in Figure 37 (red dots).

6.2.2.2 Duration routine using root-mean-square

This routine follows the same steps of the previous one but, instead of the
envelope, it uses the Root Mean Square (RMS) to analyze the waveforms.

The RMS is calculated as described in the section 6.2.1.

Once calculated the RMS the routine works in the same manner as the
previous method based on the envelope. So for the first step the threshold is
estimated to define the first arrival of the impulse. This is defined by
computing the mean of 10 seconds of the RMS at the beginning of the
seismogram before the seismic impulse.

If the amplitude of the RMS, in the entire seismogram, is more than the
threshold multiplied by a coefficient (more than one) defined by the user, for
more than a number of points defined by the user as well, the corresponding
time is saved as first arrival of the impulse. Then, if the RMS amplitude after
the first arrival time, is less than the threshold (multiplied by a coefficient
different from the first one) for more than a number of points defined by the
user, the end of the impulse is defined.

Also in this case the waveforms are saved only if the RMS maximum is not less
than another threshold defined as the maximum amplitude of the original
waveform multiplied by a coefficient between 0 and 1.
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A comparison between the results obtained through the two different
routines is reported in Figure 37 where the results corresponding to each
component of the ASB2 waveforms are represented.

The two envelope-routines are applied to each waveform and represented,
on the same x-axes value, using two different colors (Figure 37): the blue dots
for the amplitude-envelope routine and the red dots for the RMS routine.

The integer numbers of the x-axes in Figure 37 represent the different events,
each number refers to one event and for each of this, in the y-axes, the two
different values of duration obtained by the different routines are shown.

The results prove that different values of the duration can be obtained using
different function, so, for this reason and for a good stability of the results,
we decided to not use the routines showed in this section and we selected
the duration visualizing the waveforms simultaneously with the amplitude-
envelope or the RMST supporting functions (Section 6.2.1).
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Figure 37 Comparison between the duration obtained through the two different duration-
routines (using the amplitude-envelope (red dots) and the RMS (blue dots) of the waveform)
applied to the ASB2 waveforms. Each integer number (event index) on the x-axes refers to a

different event.
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6.3 Energy estimates - first step

The main purpose of this study is to estimate the magnitude of the low
frequency seismic events. In order to achieve this goal, the first step is the
estimate of the energy related to the LP seismicity. In the follow we will
discuss the different methods adopted to calculate the energy of the LP
events of October 2006 at Campi Flegrei caldera.

We used two different methods for energy estimation:

1. The first one is based on the calculation of energy through a
theoretically obtained formula, depending on the amplitude of the
waveform, on its dominant frequency and on parameters related to
the propagation of the wave in the medium (propagation speed,
density... ).

2. The second one is based on the calculation of the envelope of the
waveform and of the relative area (once subtracted the background
noise). This particular routine has been applied both to individual
waveforms and to the average of the envelopes of the two horizontal
components of each seismic event.

6.3.1 Energy via theoretical formula

This method has been used in the master thesis and modified through this
work.

In order to obtain a big and statistical significant data set, all the components
of each event have been used.

Considering a pointing source producing a wave train that propagates in every
direction (Kasahara, 1981), we suppose that the seismic wave reaches the
station at the epicenter (Figure 38) and we represent it using the
displacement equation of the soil (Eq. 7):

_ (27Tt>
X = a, Ccos T,

Eq. 7

where g, and T indicates the wave amplitude and the period, respectively.
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Figure 38 Seismic wave arrival at the surface (Kasahara, 1981).

Consequently, the velocity is given by the time derivative of the displacement:

_ 2may <2nt)
V= T, sin T,

Eq. 8

The kinetic energy density per volume unity €, is then:

_ (L) [° - (L) <2nao>2 ] 2 (2 ae = (2 (Znao)2
8_(2T0)]0 vde=\on)\Ur, ) ) ST, dt_(4) T,

Eq. 9

where p is the density of the half-space, t, is the duration of the wave-train
with n waves of period Ty, and velocity ¢ of the sound in the halfspace.

So, the energy flux per surface unit is: ct,€, and, if integrated on a h ray
surface (see Figure 38), we have the total kinetic energy at the origin:

ao\?
Ek = 4’T[h2Ct0p (_)
TO
Eq. 10

Taking into account some considerations (Kasahara, 1981):

- the kinetic and potential energy are the same, so the total energy will
be E= 2E;;

- the amplitude doubled at the epicentre (free surface), so ay=2a ,
where a is the wave amplitude at the hypocentre and a, represents
the amplitude at the free surface;

- the previous calculations are for the S wave. The P wave energy is
assumed to be half of the S one;
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we obtain the following expression for the energy estimate:

272 %
E = 3n“h°ctyp (—)
Ty
Eq. 11

where h is the depth in meters, t, and T, are, respectively, the duration and
the period in seconds, c is the velocity in m/s, apis the amplitude measured in
meters and p is the density of the half-space in Kg/m®. For the LP studied, the
wave velocity is 2000 m/s, the density 2000 Kg/m® and the depth 500 m.

To apply the Eg. 11 we used the dominant frequency obtained from the
maximum of the amplitude spectrum, and the amplitude a, obtained from
the maximum amplitude of the modulus of the signal (seismogram corrected
taking into account the transfer function of the instrument).

First of all we applied this method to the ASB2 waveforms since they showed
a better value of SNR, so, in Figure 39 the energy values are plotted versus the
duration of the signal, in order to find a correlation between the two

variables.
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Figure 39 Energy vs duration for each component of every seismic event (semi-logarithmic scale)
of the ASB2 seismic station, obtained using theoretical formula.

A non-correlation between energy and duration is evident in Figure 39. Just to
confirm this results we calculated the correlation coefficient, that is -0.123.
The modulus of this value is less than 0.3 so it reflects a non-correlation
between the two variables.
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6.3.2 Energy via envelope

The previous described approach about the energy evaluation (Section 6.3.1)
is strongly dependent on the duration of the signal and on parameters typical
of the area under study (propagation speed, density...). So, as second
approach, we decided to evaluate a variable proportional to the energy of the
signal using only some future of the waveform itself, such as the envelope.
We assumed that velocity waveforms are representative of the kinetic seismic
energy density at a specific location, and the potential energy density, for the
equipartitioning of the energy, is equivalent to the kinetic one. This method is
widely diffused in acoustic signal analysis, where the ‘relative energy’
associated to a signal is evaluated as the Measured Area under the Rectified
Envelope (MARSE) (Lucas, McKeighan, & Ransom, 2001).
We calculated a variable proportional to the energy by integrating the seismic
signal envelope over a time that corresponds to the entire duration of the
transient. The envelope has been obtained connecting the maximum of the
modulus of the waveform every fixed number of points (like in Section
6.2.2.1). The integral was calculated from the signal onset until the time that
corresponds to the point where the amplitude returns less than the
background noise.
In particular we applied this procedure in two different ways:
1. We calculated the envelope of every waveform, and then, for each of
these we calculated the integral;
2. we calculated the average of the envelopes of the two horizontal
components of each event (N-S and E-W) and for each of these we
selected the duration and computed the integral.

6.3.2.1 Envelope of the single waveforms

For each waveform we calculated the integral for a selected time duration.
We decided to select the duration visually inspecting both the waveform and
the envelope.

First of all, we applied the envelope calculus on the filtered signal
(Butterworth band pass filter between 0.2 Hz and 1.2 Hz for the waveforms
recorded at the seismic stations ASB2, TAGG and AMS2; from 0.5 Hz and 1.5
Hz for the BGNB signals) to reduce the noise fluctuations. To avoid the
contribution of the background noise we subtracted the average of 10 s of
noise envelope (measured before the seismic impulse) to the entire envelope.
In Figure 40 the waveform of the N-S component of the sample event
recorded at the seismic station ASB2 is shown in the panel (a), in the panel (b)
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the envelope is represented versus time and in the panel (c) the envelope
after subtracting the ‘noise’ is plotted.
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Figure 40 Waveform of an event filtered between 0.2 Hz and 1.2 Hz (a), envelope (b) and
envelope corrected for the background noise contribution (c).

Once calculated the ‘denoised envelope’ we considered the duration
obtained by a visual inspection of the waveform as well to calculate the
integral. The obtained values are proportional to the energy of the events and
are reported in the Figure 41 versus the time duration.

At this step of study, we decided to look at the results, showed in Figure 41
and following, obtained for the main impulses and these for the so called
‘sub-impulses’ separately (for a first explanation of the ‘main’ and ‘sub’
impulses see Figure 29, Figure 30, Figure 31 and Figure 32 in Section 6.1) (for
a more accurately explanation of the main and sub impulses see Section
6.4.2), in order to eventually point out any different behaviour.
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Figure 41 ‘Energy’ for each waveform versus duration of the event visually selected from the
relative waveform. The blue symbols are relatives to the main impulse in the waveform, the red
one to the first sub-impulse and the green to the second one.

We also calculated the ‘energy’ from the envelope as illustrated before, using
a time window selected from the envelope itself, and the results are showed
in Figure 42.

Also in this figure we separated the values relatives to the different impulses.
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Figure 42 ‘Energy’ for each waveform versus duration of the event selected from the envelope.
The blue symbols are relatives to the first impulse in the waveform, the red one to the second
and the green to the third one.

We obtained similar results by selecting the time windows through a visual
inspection of the waveforms or of the amplitude-envelope and, in both cases,
a non-correlation between the two variables (‘energy’ and duration) is
noticeable.
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6.3.2.2 Envelope of the average of the horizontal components

Since the two horizontal components show a similar behaviour for the
retrieved results, we decided to evaluate the average of the N-S and E-W
components for each event and then apply to it the same procedure
described in Section 6.3.2.1.

We used, again, two different approaches for the duration measurement: in
the first we visually selected the onset of the impulse from the relative
waveform and then we aligned the relatives envelopes from that time to
obtain their average. In the second, we aligned the envelopes using the onset
selected from the two distinct envelopes. Then we calculated the ‘energy’
through the integral of the envelope in the selected time window, plotting the
results in Figure 43 and Figure 44.
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Figure 43 ‘Energy’ of the average of the horizontal components versus time duration selected

from the waveforms for the ASB2 seismic station. The blue ones are relatives to the first impulse
in the waveform, the red one to the second and the green to the third one.
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Figure 44 ‘Energy’ versus duration of the average of the horizontal components envelopes
(calculated visually selecting the duration from envelopes) versus time duration selected from
the envelopes for the ASB2 seismic station. The blue ones are relatives to the first impulse in the
waveform, the red one to the second and the green to the third one.

Also in this case we represented the ‘energy’ of the results versus the
duration of the “averaged component” to eventually point out any
correlation.

The results are very similar for this two ways of selection of the envelope and
an uncorrelation between the two variables in both cases is noticeable.
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6.3.3 Conclusion of the first step of study

Using the different approaches described in this section we systematically
obtained an uncorrelation between the energy and the duration of the LP
events.

In fact, differently from a VT event, an LP characterized by a long (source)
duration and a low maximum amplitude can have the same energy as another
LP event with a greater maximum amplitude and a shorter duration, so the
maximum amplitude alone is not sufficient to determine the magnitude of a
Long Period event.

The above described methods point out some difficulties that suggested us to
follow a different strategy to calculate the energy or a quantity proportional
toit.

The duration selection is a difficult task mainly if we are analysing the average
of the two horizontal components since the end of the impulse is often
hidden by the noise. Moreover, in the time domain the duration value
variation of few tenths of second results in different values of the variables
associated with it, characterizing the final result for a poor stability.

For all the previous reasons and also to standardize the technique to other
commonly used, we decided to move to the frequency domain and to
analyze the waveforms according to the signal theory.
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6.4 Waveforms analysis

Before describing the main procedure to evaluate the energy and then the
magnitude of the LP events, we deeply studied the waveforms involved, in
the time and in the frequency domain.

6.4.1 The spectrograms

In order to better characterize lots of the features of the low frequency
seismicity analysed, we performed a spectral analysis using the spectrogram
function.

A spectrogram is a way of representing the spectral content of a waveform,
versus time.

The spectrograms were calculated using a sampling frequency of 125 Hz
(typical of the instrumentation used), a 249 points window and an
overlapping of 124 points. The spectrograms for the sample event recorded at
four different seismic stations are reported in the following figures (Figure 45,
Figure 46, Figure 47, Figure 48).

For each figure, the three components of the sample event recorded at a
seismic station and their relative spectrograms are showed.
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Figure 45 Waveform and relative spectrogram for the event of 26" of October 2006, at 00:05,
recorded at the station ASB2 (sample event). The first waveform is the E-W component, the
second the N-S component and the third the Z one.
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Figure 46 Waveform and relative spectrogram for the event of 26™ of October 2006, at 00:05,

recorded at the station TAGG. The first waveform is the E-W component, the second the N-S
component and the third the Z one.
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Figure 47 Waveform and relative spectrogram for the event of 26™ of October 2006, at 00:05,
recorded at the station AMS2. The first waveform is the E-W component, the second the N-S
component and the third the Z one.
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Figure 48 Waveform and relative spectrogram for the event of 26" of October 2006, at 00:05,
recorded at the station BGNB. The first waveform is the E-W component, the second the N-S
component and the third the Z one.

Spectrograms well enhanced the low frequency content and, in some cases
(mainly for the Z component of the TAGG station and the E-W component of
the BGNB station) showed also lower frequency content during the entire
recording, possibly due to the background noise, as better detailed in Section
6.4.3.

In all the data set, as showed in Figure 45, Figure 46, Figure 47 and Figure 48,
the peaks at low frequency are evident, more or less depending on the
amplitude of the impulse and on the SNR.

Observing the spectrograms (for instance in Figure 45) we confirmed the
presence of the so called sub-impulses described in Section 6.3.2.1. The
presence of two temporally successive impulses can be seen also through the
presence of different peaks in the spectrograms. These peaks are
characterised by a low frequency content, typical of a LP event and may
suggest that they represent two separate events although in immediately
temporal succession. We observed this phenomenon in the entire dataset but
only for a particular component of the waveforms of each seismic station.
This feature will be better detailed studying the cross correlation of the
waveforms, in the Section 0.

In some other spectrograms a contribution (in frequency) higher than that
typical of the LP one is also evident for the entire (or almost the entire)
recording; it reaches values up until about 20 Hz. We observed this, for
instance, for the event of 26™ of October at 9:12 at ASB2 and TAGG seismic
stations (Figure 49 and Figure 50).

This may due to a noise contribute, but we will analyse it in detail in Sections
6.4.3 and Section 8.1.1.
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Figure 49 Waveform and relative spectrogram for the event of 26 of October at 9:12 at ASB2. The
first waveform is the E-W component, the second the N-S component and the third the Z one.
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Figure 50 Waveform and relative spectrogram for the event of 26 of October at 9:12 at TAGG. The
first waveform is the E-W component, the second the N-S component and the third the Z one.
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6.4.2 Cross-correlation of the waveforms

A deeply study of the main-events and sub-events and their cross-correlation
is not the purpose of this work, but, for sake of completeness as well as for a
better comprehension of the waveforms features, we performed, also, this
kind of study.

It is possible to compare a time series with itself at successive lags in order to
detect dependencies through time, and it is also possible to compare two
time series one to each other in order to determine the time position of
pronounced correspondence. Two items of information may emerge from
such a comparison: the strength of the relationship between the two series,
and the lag or offset in time or distance between them at their position of
maximum equivalence. The process of comparing two time series at
successive lags is called cross-correlation. The zero lag often is set where the
origins of the two series are aligned; negative or positive lags represent an
arbitrary choice of the sense of movement of one sequence respect to the
other. Since the two series are not identical, the cross-correlogram is not
symmetric about its middle.

Waveform cross-correlation is an increasingly important tool for
characterizing event similarity, improving earthquake locations, and studying
source properties.

For continuous functions, f(t) and g(t), the cross-correlation is defined as:

C(t) Ef ff(vygt+r)dr

Eq. 12

where f(t) and g(t) are time-dependent functions and f* denotes the complex
conjugate of f.

Similarly, for functions f(m) and g(m) of discrete variable m, the cross-
correlation is defined as:

cm= ) fmgn+m

m=—oo

Eq. 13

where n and m are integer numbers.

In an autocorrelation, which is the cross-correlation of a signal with itself,
there will always be a peak at a lag of zero unless the signal is a trivial zero
signal (Frasca, 2011).
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We observed, in our data set, some sub-impulses after the main one
(impulses temporally successive to the main one with amplitude almost-
always gradually lower than the first). This phenomenon, visible only on one
or two components of the seismograms, has been observed also for the LP
seismicity recorded in other volcanoes in the world (see Matoza & Chouet,
2010, and references therein); an example is in Figure 51.

The observed feature may be addressed to several causes related to the
source (source geometry or perturbation features) or to the path (attenuation
or amplification effects) or also to site effects as well.

In order to investigate on the origin of these sub-impulses and their relation
to the main events, we performed the cross-correlation between the typical
LP impulses and sub-impulses, as detailed in the follow.
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Figure 51 Three components waveform of the sample event. The ‘sub-impulse’ (red circle) after
the main event (green circle) are visible in the N-S and E-W waveforms.

Waveforms recorded at all four stations (ASB2, TAGG, AMS2, BGNB) showing
a ‘main impulse’ and a so-called 'sub-impulse' were analyzed.

We performed two different steps of cross-correlation, and, in both cases, we
studied just a few fraction of seconds of the first arrival of the impulse, since
they are related to the initial part of the source.

Firstly we evaluated the cross-correlation between the ‘main event’ and the
‘sub-events’ in a short time window (0.3 seconds), and then, if the retrieved
normalized cross-correlation coefficient was larger than the fixed threshold of
0.8 (the cross correlation function were normalized to 1), then the 'main
event' and the 'sub-event' were cross-correlated for a longer time window (1
second).
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The ASB2 seismic station is the one with the higher number of sub-impulse
probably because it is the one with the major SNR, so it was easier to observe
small amplitude events.

For the seismograms recorded at the other seismic stations, sometimes,
although the ‘sub-events’ presence was evident, it wasn’t possible to
determine them with a high degree of confidence, due to the noise level in
which the sub-events are embedded. Therefore, to avoid inaccuracies, they
were not taken into account in the analysis.

In the following figures (Figure 52 and Figure 53) an example of the result of
the cross correlation analysis between the ‘main impulse’ and the ‘sub-event’
of the N-S component of Figure 51 is showed. There are the two steps of the
analysis: in Figure 52 the cross-correlation with a time window of 0.3 s is
showed and in Figure 53 the cross-correlation curve with a time window of 1 s
in represented. In this case we performed both steps of cross-correlation (two
type of time window) since in the first analysis the maximum of the curve
exceeded than the 0.8 threshold.

x10° 2006-10-26 00:05:00 ASB2 N
T T T

amplitude (uv)

0 45 50 55 B0 65 70 75 80
time (s)

cross correlation between the 'main impulse' and the 'second impulse' - ime windowy of 0.3 seconds
T T T T

! T

TOGO0T

cross-correlation function

02 I I I 1 1 I
0.4 03 02 01 0 01 02 03

lag time (s)

Figure 52 Waveform of the sample function and the cross-correlation curve between the ‘main-
impulse’ and the ‘second-impulse’ with a time window of 0.3 s (in red rectangles the portion of
waveforms cross-correlated).
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Figure 53 Waveform of the sample function and the cross-correlation curve between the ‘main-
impulse’ and the ‘second-impulse’ with a time window of 1 s (in red rectangles the portion of
waveforms cross-correlated).

Results for the entire data set are in Table 1, where, for each seismic station,
we reported the percentage of cross-correlation functions (calculated over
the entire number of sub-impulses) that passed the two steps of analysis.

% of CC with 0.3 s time | % of CC with 1 s time
Seismic station window that pass the | window that pass the
threshold threshold
ASB2 62.3 % 38.1%
TAGG 66.7 % 41.7 %
AMS2 80 % 70 %
BGNB 57.7% 34.6 %

Table 1 Percentage (always calculated over the entire number of ‘sub-impulse’ for each seismic
station) of the maximum of the cross-correlation functions that passed the threshold of 0.8. (The
cross-correlation function is normalized)

A high percentage of sub-events passed the first step of cross-correlation, but
it is not the same for the second time window cross-correlation.

Observing the results of both the cross-correlation and the spectral analysis
and considering the very short spatial distances at which this events are
recorded, we suggested that the presence of this kind of ‘sub-impulse’ just
reflects some features of the shallow source that generated the seismicity.
For completeness, a better comprehension of this features need a more
accurate study, but this beyond of our scope. So, to avoid any mistake, they
will not be taken into account in the final step of data analysis.
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6.4.3 Noise analysis

To better understand this kind of seismicity, we also studied the background
noise.

In situation like those of the Campi Flegrei area, in which there is a very low
SNR, the survey about the main features of the seismic noise is very
important. In some spectrograms showed in the Section 6.4.1 we observed
continuous peaks along the entire duration of the recording, at different
frequencies. This is the main reason that motivated us in studying the seismic
noise.

Observing, for example, the whole dataset recorded at ASB2 seismic station a
difference between the three components should be noted. Each N-S
component (of each event) is characterized, in fact, by a higher SNR than the
other. In Figure 54 the waveforms of the sample event are shown, and is
noticeable the different amplitude of the North-South component respect to
the other ones. The cause of this difference may be due to some effect during
the propagation of the wave through the halfspace (attenuation or
amplification) even though this hypothesis may be unfavoured by the shallow
depth at which these events originated (about 500 m) . Another hypothesis is
that the observed feature may be due to a source property like the
orientation of the cracks that originates this LP events .
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Figure 54 Waveform of the event of October 26™ 2006 at 00:05 recorded at ASB2 seismic station.

In order to define the main features of the seismic noise in the investigated
area, an analysis of the noise amplitude recorded at the station ASB2 is
developed. So, for each recorded event, 10 seconds of seismic noise
amplitude (absolute value) are averaged and then reported into a plot to
compare the three component of each event (Figure 55).
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Figure 55 Average of 10 s of seismic noise (absolute value) for the three components before every
events recorded at the ASB2 seismic station. each integer number (event index) in the x-axes
represents an event. In blue is the component E-W, in pink the N-S and in yellow the Z
component.

Observing Figure 55 it can be noted that the vertical component is always
characterized by a low noise amplitude than the other components. These
latters have a similar amplitude of the noise, and in particular 10 of those 30
have a noise with amplitude greater in the component N and 19 of those in
the component E (just for one event the amplitude of the two component is
the same).

This should allow us to exclude a phenomenon of amplification along the NS
direction otherwise also the noise amplitude along that direction should be
greater than in the others two.

The noise can be studied also in the frequency domain. The different
contribute of the noise were showed during the analysis of the spectrograms
(Section 6.4.1), where some different frequency contributes were noticed, at
low and high frequency.
It is well known that the seismic noise can be due to different causes and
consequently it occurs in different frequency bands (Del Pezzo, et al.,, 2013
and referencies therein).
The mainly causes are:
- marine background: (0.1 — 2) Hz (Bianco et al., 2010);
- weather conditions: low frequency, in particular (0.05 — 1) Hz
(Marzorati, 2004) (Bianco, et al., 2010);
- proximity the coast line: (0.1 — 1) Hz (Bianco, et al., 2010);
- anthropic: (1 -5) Hz (Marzorati, 2004) (Bianco, et al., 2010) ;
- water streams, volcanic activity, fluid circulation and the wind
interaction with vegetation and topography: high frequency
contribute (Bianco, et al., 2010).

64



Considering the results of the spectral analysis too (Section 6.4.1) and
considering that the area of the seismic sources (around the Solfatara crater)
is near the sea, we are convicted that the contribution at very low frequency
may be due to the marine background and to the proximity to the coastal
line.

For this reason the BGNB seismic station, that is the nearest to the coast line,
is the one with the lower SNR.

The contribution to the high frequency (also (10-20) Hz), found in the
spectrograms analysis, may be ascribed, on the contrary, to the fluid
circulation, particularly active in the considered area, in addition, obviously,
to the anthropic contribution (the Campi Flegrei caldera is a densely
populated area).

To verify the different contribution to the frequency content of these events,
a section dedicated to the spectra calculation will be developed later (8.1.1).
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7. The energy and magnitude estimation method

Parts of the following paragraphs have been taken from the article published
in Geophysical Journal International in 2013. My coauthors are E. Del Pezzo
and F. Bianco. | conducted part of the theoretical work and part of the writing.

In order to study the energy of the LP events we decided to use the standard
signal theory. We moved in the frequency domain and calculated the energy
through the velocity-density spectrum.

The first step was the definition of a simple method to determine the time
duration of the LP events. Then we approached the problem of linking the
retrieved energy values to Magnitude values by quantitatively, comparing a
VT and an LP spectra, finally defining the relationship that allowed us to
obtain the LP magnitude-scale.

In the following, the entire procedure is explained in detail.

7.1 Signal theory

For a finite energy signal, the normalized energy can be -calculated
integrating the square of the modulus of the signal in the time domain or in
the frequency domain (Parseval theorem):

E=£Dmm%u=£3ﬂﬂvw

Eq. 14

where x(t) is the waveform in the time domain, t is the time variable, X(f) is
the signal in the frequency domain (Fourier Transform) and f is the frequency.
In the frequency domain, the total energy of the signal x(t), in the frequency
band (f1, f2) is evaluated using the following equation (Eqg. 15) (Liberali, 2010):

f2
E=LJMﬁIW

Eq. 15
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To evaluate the ‘energy’ we don’t need to have a displacement signal, since,
whatever is the physical quantity that describes the ground motion, for a
monochromatic wave, the energy will always be proportional to the square of
the amplitude of the considered physical quantity (Zollo at al., 2003). In fact,

if we use the Eq. 7 considering that 27T/T0 = w, we can write:

X = agcos (wyt)
Eq. 16

where a, is the maximum amplitude of the wave and t the time variable.
Consequently, the velocity, that is the time derivative of the displacement,
will be:

d ,
v = a—: = —ay W, * Sin (wyt)

Eq. 17

and:

v? = a3 - w? - sin?(wyt)
Eq. 18

The energy is proportional to the square of the maximum of the velocity, and
we can write:

E o« v? « adw?
Eq. 19
So we can deduce that the energy is proportional also to the velocity of the

ground displacement.
Considerations allows us to use the velocity waveforms of our data-set.

7.2 The duration

The first task is to determine the duration of the LP source, since it plays an
important role in the determination of the ‘energy’. In the Section 6.2, we
described different ways to evaluate the duration of the LP events, but in this
case we decided to adopt a universal method that doesn’t need a visual
evaluation. It is based on the “shape” of the waveform and the exponential
decay of its tail, and it may be very useful in the routinely monitoring
activities of a volcanological observatory.

We simplified the source model assuming a single square crack source with
two dimensions =W and d<<L (see Figure 7) (Del Pezzo et al., 2013,
Ferrazzini & Aki, 1992). So, in the spectrum of the LP events, the peaks
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distribution reflects that of the normal modes of vibration of that crack and
the eigenfrequencies are given by:

2 2 2
5 o @
Eq. 20

where n,, n, and n, are integers greater than zero and c is the velocity of the
sound in the fluid which permeates the crack (Morse & Bolt, 1944, Ferrazzini
& Aki, 1992).

The dominant peak of the spectrum is associated to the normal mode of
vibration, i.e. n,=1, n,=0 and n,=0. If we substitute those values in Eq. 20, we
obtain:

_cl
2L
Eq. 21

fo

where f; is the dominant frequency and L is the crack dimension.

Measuring the width at half of the maximum amplitude of the spectral peak
(Af) we can get the duration of the LP event, since, the width is correlated to
the quality factor of the resonator Q (completely different form the quality
factor of the earth medium, see Section 3.1) (ElImore & Heald, 1969, Nakano,
et al., 2007). In fact:

Eq. 22

SO

Q= Z—;_ = 2nf,T
Eq. 23

where t is the time at which the waveform has squared amplitude equals to
1/e of the maximum squared amplitude. So, hereafter, we assumed that a
‘reasonable’ estimation of the LP duration is ‘2.

In order to obtain the time duration, we decided to proceed in the following
way:

we calculated the waveform envelope based on the Hilbert transform (in
particular, evaluating the absolute value of the Hilbert transform). After that,
we selected the LP arrival time using the onset of the vertical component
previously evaluated (Section 6.2.1) and then, we calculated the maximum of

each squared envelope (An). The time at which the squared envelope
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amplitude is equal to Aq/e (starting from the onset) is taken as the t value.
So we can determine the duration as 2t. We decided to use, for each event,
the minimum duration of the three component values. An example of the
three components of an LP event (the sample event) and the selection of the
onset and the 2t duration (red lines) is showed in the following figure (Figure
56):
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Figure 56 Sample event of the October 26™ 2006 ate ASB2 seismic station. The red lines show the
onset of the seismic impulse and the end of the three different components using the ‘2t’
method. The final time duration is the smallest of the three.

7.3 Spectral analysis - the energy evaluation

Once selected the time window, in order to obtain the signal in the frequency
domain we applied the Fourier Transform to that one (using the FFT algorithm
of Matlab programming language).

The Fourier Transform FFT in Matlab is not, however, corrected by any
normalization coefficient. We decided to evaluate the right coefficient to be
able to compare these value with the values evaluated for other events, and,
in case, using different Fourier transform routines. So, first of all, we correctly
estimated the normalization factor to be able to get the right spectrum. The
retrieved normalization factor is:

1
Koorm = ———
norm f:s\/z_T[

Eq. 24
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The final expression for the discrete FFT function is then:

1 N-1 .
Xl = Fal) = 5= mZ e H
s =0

Eq. 25

where: f; is the sampling frequency of the instruments (125 Hz), x; is the
waveform and N the number of points. We also used a sampling window, the
Hanning window, in the transform calculation.

We took into account some effects that concur in defining the correction
coefficient of the spectra, that take into account the transduction constant of
the instrument (G) and the path-dependent attenuation (Petrosino et al.,
2008).

We used the following formula Eq. 26:

s s M T RN

where fis the frequency, r is the distance between the source and the seismic
station (in meters), v; is the S-wave velocity of the sound in the earth medium
and Q is the total quality factor averaged in the earth volume under
investigation, and is equal to Qgf° (Petrosino et al., 2008).

Using the Eq. 15, we calculated the integral of the average of the modulus of
the squared spectra for each component, as in Eq. 27 and Eq. 28:

E = ffzxi(f)df

f1
Eq. 27

where

1
Xczl(f) = Cczorr ’ § ’ (lXIENl + |XI§E| + |XI%ZD
Eq. 28

where X2y, X2z, X2, are the squared velocity density spectra, relative to the
three components, obtained using the Eq. 25.

To define f; and f; values, in Eq. 27, we considered that f; should be a lot
lower than the peak frequency of the event and f, should be greater than f,
where f, is the cut-off frequency of the instruments. Since the contribution to
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the total energy from the high-frequency (>f.) components strongly decreases
with frequency, the numerical value of f, is not crucial for the following
calculations, hence we fixed this value at 25 Hz, i.e. the typical value below
which most seismic instruments show a flat velocity response. Accordingly,
we also used f;=0 Hz.

7.4 The Magnitude estimation method

The developed procedure is based on the comparison between the energy of
LP and VT signal, estimated as the integral of the squared velocity spectra, on
the reasonable assumption that the stress drop of the area under
investigation is constant. So, the LP magnitude is defined as the moment
magnitude of the VT event that has the same energy of the LP event.

The relationship between the energy and the moment is (Kostrov, 1974):

_Aa

=—M
2u 0
Eq. 29

E

where Ao is the stress-drop and u is the shear modulus (we considered
A0=10° Pa and u= 5.10' Pa, that are typical values for volcanic rocks (Del
Pezzo, et al., 1987)). We can also write, in S.1. units:

E M
loglo (E_> - 11.8 loglo (M_O) - 11.8
Mw — ref _ ref

Eq. 30

where E,.f= 10”7 N*m accounts for the dyne*cm to N*m conversion and M,
is the moment correspondent to E,.

The moment magnitude scale, as it is related to some physical properties of
the seismic source, is calculated through the seismic spectra corrected for the
propagation effects between the source and the receiver.

As first step we theoretically derived the integral that compares in Eq. 27 for a
VT event and its relationship with the magnitude M.

For simplicity we’ll call Sy+(r,M\1) the integral that appears in the Eq. 27 for a
VT event and S;p(r,M,p) the one for an LP event.

In order to obtain the magnitude M, i.e. the magnitude associated to LP, we
first evaluated S;» and then we searched for the Syt equal to S;p; the related
Myt is taken as the estimate of M.

For the considerations in Section 7.1, we could write:
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fo
Syr(r, Myr) :f X2(Myr, f,7) o« Eyr(r, Myr)

1
Eq.31

and

12
Spp(r,Myp) =J Xtp(Myp, f,7) o< Epp(r, Myp)

1
Eq. 32
We assumed that most of the VT seismic energy is associated with the S-
wave, so the velocity density spectrum for an S wave at distance r can be
written as (Eq. 33) (Brune, 1970, Boatwright, 1980):

2nf 1 11

X(f,r) = amp por Mo
2y
1+(f/fc)
Eq. 33

where p is the earth density, 8 is the shear wave velocity, y=2, Y is the
radiation pattern function modulus (averaged over azimuth) and f. the
corner-frequency given by:

Eq. 34

where f3, is the rupture speed, Ao the stress-drop and C a constant
associated with the source geometry which is analytically calculated for a few
specific geometry. In this case we assumed a circular fault geometry (although
the other geometries affect the X evaluation by less then 7%), so the C is
equal to 7/16 (e.g. Lay & Wallace, 1995).

We assumed that this model hold well for a VT event (Del Pezzo, et al., 1987).
So, considering Eq. 33, Eq. 34 and Eg. 30, we could obtain Sy; from the
following equation (Eq. 35):
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1 1 M,(M fmax 21
Syr(r, Myp, Ac) = o (M) Y f /

4‘on r fmin / \2]/
f
1+
T
T /
My /3
\ (c30)
Eq. 35

rewriting the Eq. 30 in the form:

My(M,,) = U a, exp(a, M,,)
Eq. 36

where g; =1.1092, a,=3.4539 and U = 10°.
Expliciting My, Eq. 35 may be written as (Eqg. 37):
Syr(M,,,r,Ac) = A (M, 1,Ao) * [F,(M,,,r,Ac) + F,(M,,,r,Ac) +

+ F;(M,,,r,Ac) + F,(M,,,1,Ac) +
+ Fs(M,,,r,Ac) + Fg(M,,,r,Ac)]

Eq. 37
with:
A,(M,,, 1, Ac) = UY a?e%MwB3Ag
1( w ) 16\/767'2,[)’57'[3;) 1 ﬁr
Eq. 38
1
U C a,M,, /3\
/ \/Eﬂfmin (%)
Fi(M,,,r,Ac) = 2ArcTan | 1 —
Br
Eq. 39
1
U C a; My, /3\
/ \/infmin (%)
F,(M,,,r,Ac) = —2ArcTan k1 + 3 )
T

Eq. 40
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1
azMW /3
/ \/Eﬂffsup (UalCe \
F;(M,,,r,Ac) = —2ArcTan | 1 —

Eq. 41

/ Ua, Ce%Mw 1/3\
\/Eﬂfsup ( - Ao )
F,(M,,r,Ac) = 2ArcTan | 1+ 5
A

Eq. 42

Fs(M,,, 1, Ac)

2
2 (Ua,Ce%*Mw /3 Ua,Ce%Mw s \
%<1T> — V2fpinE b (1T) + fonin

= ~lLog 2 a,M 1
T A T Ly
Eq. 43
Fe(M,, 1, Ac)
ﬁ_ﬁ(UalceazMw)z/ v b (UalCe : w)1/3+ P
_ Log 7-[2 AO- Sup AO- sup

1
2 (Ua,Ce%Mw Ua,Ce%Mw /3
%( 1A0 ) + \/_fsup Br( lAa ) + fs%p

Eq. 44

Solving analytically Eq. 37 is very complicated; since we were interested in
developing an application that may be efficiently used in quasi real-time for
the Observatories routine and/or emergencies activities, we approached the
solution through numerical approximations, as discussed in the following.

For a set of distances r we theoretically estimated Syr (using the Eq. 37) and
plotted versus My, in Figure 57.
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Figure 57 Squared velocity density spectrum integrated between 0 and f;,, = 50 Hz versus
magnitude for different distances: 1000 m (blue), 4000 m (red), 5000 m (brown), 7500 m (green),
10000 m (blue) (Del Pezzo et al., 2013).

So, to graphically obtain the M,, value we can just follow the line in the plot
corresponding to the evaluated S;, for a corresponding distance, like a
nomogram.

To analytically obtain the M, value, in automatic way (very important for the
surveillance work of a Volcanological Observatory) we searched for a
numerical formula that would link the considered variables (Sy;, Myrand r).
Observing Figure 57 we could deduce that the curves that represent different
source-receiver distances are parallel. In other words, the effects of changing
the distance results in a shift of the Sy~M,; curve upward or downward in the
plot.

A set of second-degree polynomials, with each polynomial with the zero-
degree term that depends on distance, is thus a good candidate to represent
the curves in Figure 57. For this reason we could write (Eq. 45):

Log,o(Syr) = aM? + bM + c(r)
Eq. 45

where c(r) is a function of distance with characteristics to be determined. To
perform this last task we proceeded in the following steps:

- we selected a wide set of distance values, sampled in an interval
between 1000 m and 20 000 m, characteristic of the distance range in
which LP are generally observed. For the ith value of this set, r;, we
found the best fit (least squares) estimate for the parameter vector

75




G

m; = {a;, b;, c;} of Eq. 45 that is, the ith element of the polynomial
set.

we observed from the results of this fit that only the ¢; elements of
the vectors m; were different at the different values of j, as is also
implicitly shown by the parallelism between the curves in Figure 57.
Due to this evidence, we could drop out the index i in a and b, to
obtain m; = {a, b, ¢;}. The obtained values for a and b are:

a=3.05 and b=-0.2

we plotted ¢; versus distance r; as shown in Figure 58. The best-fit
curve which interpolates the couples {c,ri} is a quarter-order
polynomial (Figure 58, blue line) of the form

c(r) = po+ pir + por% 4 pard + pyrt
Eq. 46

The values obtained for the p; parameters are in the following Table 2:

Po

P1 p2 ps3 Pa

-10.63

-0.00065 6.86 x 10° 3.57x10"  6.89x 10"

Table 2 Values of the p parameters of the interpolation of the coefficient c(r) with a a" degree

polynomial.
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Figure 58 Plot of the parameter c; versus distances in meters (red dots). The blue line represent

the interpolation with the 4" order polynomial.
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So, we substituted the value of C(r) (Eg. 46) in the Eqg. 45 and we obtained:
Loglo(SVT) = aMZ + bM + pO + p1T + pzT'z + p37'3 + p47'4
Eq. 47
so we could write:
aM? + bM + py + pir + pr? + par3 + pur* — Logio(Syr) =0
Eq. 48
and for simplicity we wrote the Eq. 48 in the form of (Eq. 49):

aM? +bM +C(r) = 0
Eq. 49

where C(r) = po+ pir + pr° + P37 + pur* — Logyo(Syr)
Eq. 50

Finally, we plotted (Figure 59) the values of log;o(Sy7), analytically determined
using the Eq. 35 (lines), versus magnitude, superimposed to the interpolated
curve obtained from Eq. 47 (dots, rhombs and stars).

Log10 Integrated Squared Spectrum

-1 0 1 2 3 4 S
Magnitude

Figure 59 Values of Log;,(Syt) versus magnitude theoretically calculated (lines) and interpolated
using Eq. 47 (dots for a distance of 20 000 m, rhombs for 4000 m and stars for 1000 m).

To obtain the Magnitude (M,p) for an LP event we could solve the Eq. 49 and
take into account only the solution that led an increasing of magnitude with
distance. Finally, the formula used for the estimate of the magnitude M, is
(Eq. 51):
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M p(r) =

—b + \/b? — 4aC(r)
2a

Eq. 51

with C(r) from Eq. 50, substituting Syr by S;» calculated from the data and
previously corrected for both instrumental response and attenuation (Eg. 28).

7.4.1 The error estimation

A value of the error is obviously correlated to the magnitude estimation. To
evaluate this, we proceeded using a Monte-Carlo approach, considering that
this error reflects essentially the uncertainty on the estimation of C(r)
parameter (that depends on the uncertainty of the spectral estimate and
hence on the SNR of the signals) and of the hypocentral distance r.

First, we estimated the dependence of the spectral estimate on the SNR. To
do this, we took a square wave 2 s long in the time domain. Gaussian noise
with a Root-Mean-Square of up to 70% of the signal amplitude was added to
this synthetic signal, to obtain sets of synthetic signals with increasing SNRs.
For each value of SNR, we generated 1000 signals. For any value of the SNR,
we thus calculated the squared spectra integral between the same frequency
limits used in the present study (Section 7.3) to calculate the integrals of Eq.
32 for all the signals belonging to the same set, and eventually its average and
standard deviation, which represent the error on the squared spectra of the
signal. This error is never >2% for a SNR of 70%, which is an overestimation of
the true SNR even for bad quality data. Changing the duration of the square
wave does not affect significantly the error estimate, and thus we were
confident that an overestimation of the error on the squared spectra integral
is less than 2% of the value. We finally applied a Monte-Carlo procedure to
estimate the errors on M,p. Taking into account an error of 2% in the integral
of the squared velocity spectrum, and an uncertainty in the determination of
the hypocentral distance of the order of 30%, for each value of the integral
we generated a random set of 10 000 values with an average equal to C(r) and
a standard deviation of 2% of this value, and a random set of distances with
an average equal to the measured distance and a standard deviation of 30%
of this value. Finally, we calculated the magnitude for any pair of squared
velocity integrals and distances sampled in these two sets. The standard
deviation of the magnitudes thus obtained from Eq. 51 represents a Monte-
Carlo estimate of the error associated with the LP magnitude so far. All the
errors obtained from some examples of the application are between 0.15 and
0.2, so to be sure to not underestimate the error, we considered an error
value of 0.2.
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8. Data analysis - application of the method

The obtained method for the magnitude calculation was applied to LP seismic
events belonging to different volcanoes.

First of all we applied the method to the Campi Flegrei LP seismicity recorded
on October 2006 and deeply studied in this doctoral thesis.

As second step we decided to apply the method to a data-set relative to LP
events recorded on Colima volcano (Mexico) in 2005 and then we used the
algorithm also to obtain the magnitude value of an event recorded on Etna
volcano (Sicily, South Italy).

8.1 Campi Flegrei
8.1.1 The dominant frequency

Basing on the Fourier Transform (calculated considering the 2T’ time window
of each waveform (see Section 7.2)) and using the Eq. 25, we calculated the
spectrum of each event at each seismic station, averaging the three spectra X;
and correcting it with the C.,, coefficient in Eq. 26, obtaining:

1
Xk = 5 Ceorr (leNl + |XkE| + |XkZ|)

3
Eq. 52

To compute the correction coefficient in the Eq. 26 we used G= 800 Vs/m, v,=
2700 m/s, Qp=21 and g= 0.6%0.9 (Petrosino S., et al., 2008).

Evaluating the maximum of this spectra we could obtain the dominant
frequency of every event at each seismic station.

The dominant frequency, used in the energy calculation, it is useful to
understand what is the main contribution in frequencies associated with the
analyzed data set. In addition, observing all the spectra, smaller contributions
at different frequency from those of LP could be further detected and maybe
attributable to other reasons (i.e. noise, see Section 6.4.3).

In the following figures (Figure 60, Figure 61, Figure 62 and Figure 63) some
spectra are showed in order to illustrate the main features discovered
through this analysis.
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Figure 60 Spectrum of the sample event, on 26™ October 2006 at 00:05 recorded at the seismic
station ASB2. Typical spectrum with the main peak at 0.83 Hz, and other minor peaks.
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Figure 61 Spectrum of the event on 27" October 2006 at 09:04 recorded at the seismic station
ASB2. Typical spectrum with a minor peak at 2.68 Hz.
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Figure 62 Spectrum of the event on 27" October 2006 at 10:52 recorded at the seismic station
AMS2. Typical spectrum with a minor peak at 13.14 Hz.
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Figure 63 Spectrum of the event on 27" October 2006 at 22:08 recorded at the seismic station
AMS2. Typical spectrum with a minor peak at 0.27 Hz and some other peaks at major frequencies
than the LP characteristics.

The main peak is showed for all the spectra (Figure 60, Figure 61, Figure 62,
Figure 63) but some other peaks are evident. In all the spectra, a peak at a
frequency between 2 Hz and 3 Hz is clearly visible. This is a feature of almost
the entire data set so it may be imputable to some noise contribute.
Considering the main contributes to the background seismic noise (Section
6.4.3) we could deduce that the reason why there is a contribute at about 2
Hz — 3 Hz may be ascribed to the anthropic noise. Since the Solfatara
surrounding area is densely populated (like the rest of the Campi Flegrei as
well), to attribute the 2-3 Hz frequency contribution to the anthropic noise is
reasonable.

A further peak at higher frequencies (between 10 Hz and 15 Hz) could be seen
in Figure 62 and Figure 63, that we noticed also in some spectrograms
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(Section 6.4.1). In Figure 64 the spectrum of the event recorded on 2006
October 26" at 9:14 at the station ASB2 is showed. In this figure the peak of
the 10.6 Hz frequency is visible and this peak is also visible in the spectrogram
for the same signal reported in Figure 49.
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Figure 64 Spectrum of the event on 26" October 2006 at 9:14 recorded at the seismic station
ASB2. A peak at 10.6 Hz is also in spectrogram for the same signal reported in Figure 49.

The method described in the Section 7 is then applied to the LP seismicity
recorded at Campi Flegrei caldera in 2006 at ASB2, AMS2, TAGG and BGNB
seismic stations.

Before the magnitude estimation, we selected the signals that could be
analysed. The previous study in the time and frequency domain (Section 6.1
and Section 6.4) allowed us to select, and then reject, the waveforms with the
lower SNR and the ones with high peaks of the noise spectrum.

At this point we obtained the data set that has to be analysed.

First of all we verified the low content in frequency of the seismic events
analysed. In order to do this, the dominant frequency, obtained from the
spectral analysis, have been evaluated, searching for the frequency
corresponding to the maximum of the spectrum of each event saving it as the
dominant frequency.

For each event, the dominant frequencies are plotted in Figure 65. In this
figure the results obtained for the different seismic stations are differently
coloured, the blue dots are for the ASB2 events, the red dots for TAGG
events, the green dots for AMS2 and the back dots for the BGNB one.
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Figure 65 Dominant frequency for the entire set of LP seismic data analysed in this work. Each

integer number in the x axes (event index) represents a different event. The different colours

indicate the LP events belonging to the different seismic stations: red for ASB2, blue for TAGG,
green for AMS2 and black for BGNB.

The dominant frequency values range from 0.5 Hz to 1.4 Hz, so they exhibit
the typical frequency for the LP seismicity (Figure 25).

The dominant frequencies are greater for the signals recorded at in ASB2 and
TAGG seismic stations and lower for AMS2 and BGNB (Figure 25). This feature
could be attributed to a noise contribution or to the distance of the seismic
station to the source of the LP events. Since we discarded the events with a
high noise contribute we are confident that, even if a noise perturbation
could still be present, the reason of the observed trend for the frequencies
values due to the different distances of the seismic stations. The higher
frequencies values are for TAGG station and then, in decreasing order, for
ASB2, AMS2 and BGNB (see Figure 65), in fact the greatest hypocentral
distance is for TAGG station, and then, in decreasing order, for ASB2, AMS2
and BGNB (the distances of the four seismic stations from the hypocenters
are showed in Table 3).

Seismic station Distance
TAGG 2561 Km
ASB2 1851 Km
AMS2 1625 Km
BGNB 1265 Km

Table 3 Hypocentral distances of the studied LP events at Campi Flegrei to the four seismic
stations.
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8.1.2 The magnitude estimation

As second step we calculated the magnitude through Eq. 51.

The error associated to the magnitude values is estimated to be 0.2 (as
discussed in Section 7.4.1). The obtained results are represented in Figure 66,
where the magnitude values for each event recorded at the four seismic
stations are shown: the blue symbols are for the magnitude values of the
events recorded at the ASB2 station, the red symbols for TAGG station, the
green symbols for the magnitude of AMS2 station and the black ones for
BGNB seismic station.
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Figure 66 Magnitude values for the entire set of LP seismic data of Campi Flegrei LP, with error
representation. Each integer number in the x axes (event index) represents a different event. The
different colours indicate the LP events belonging to the different seismic stations: red for ASB2,

blue for TAGG, green for AMS2 and black for BGNB.

To better visualize the obtained results we also represented them without the
errorbar in Figure 67.
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Figure 67 Magnitude values obtained for the entire set of LP seismic data of Campi Flegrei. Each
integer number in the x axes (event index) represents a different event. The different colours
indicate the LP events belonging to the different seismic stations: red for ASB2, blue for TAGG,
green for AMS2 and black for BGNB. The error on the magnitude is 0.2.

The magnitude values span in a range between -0.310.2 and 0.6%0.2. It is
evident that the swarm of low-frequency events is characterized by a low
energy content. The events recorded at BGNB station show the lower
magnitude values, possibly due to the source-receiver distance ( see Table 3).
We also separated the results obtained for the magnitude at the four seismic
stations and plotted in the following figures ( Figure 68, Figure 69, Figure
70 and Figure 71).
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Figure 68 Magnitude values obtained for the LP data-set recorded at Campi Flegrei at ASB2
seismic station. Each integer number in the x axes (event index) represents a different event.
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Figure 69 Magnitude values obtained for the LP data-set recorded at Campi Flegrei at TAGG
seismic station. Each integer number in the x axes (event index) represents a different event.

i Magnitude for LP event at Campi Flegrei - Seismic station AMS2

04

Magnitude
o
[N

T
*

o
T
&

i | I I I I I I I
02}

10 20 30 40 50 60 70 80 90 100

event index

Figure 70 Magnitude values obtained for the LP data-set recorded at Campi Flegrei at AMS2
seismic station. Each integer number in the x axes (event index) represents a different event.
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Figure 71 Magnitude values obtained for the LP data-set recorded at Campi Flegrei at BGNB
seismic station. Each integer number in the x axes (event index) represents a different event.

For the events recorded at ASB2 seismic station the magnitude values are in
the range -0.1 Hz — 0.6 Hz, the event recorded at TAGG seismic station show
magnitude values in the range 0.1 Hz — 0.6 Hz, the event recorded at AMS2
seismic station show magnitude values in the range -0.2 Hz — 0.5 Hz and
finally the event recorded at BGNB seismic station show magnitude values in
the range -0.4 Hz — 0.3 Hz. These results point out that the stations with the
greater hypocentral distances show larger magnitude values.

In order to investigate the results we also selected an event (whose
waveforms was possible to analyze at all the seismic stations) observing the
magnitude values obtained at the different seismic stations. We selected the
event recorded on 2006 October 26™ at 18:23 and the results are showed in
the following table (Table 4).

TAGG ASB2 AMS2 BGNB
M 0.310.2 0.3+0.2 0.210.2 -0.1+0.2
Distance (Km) 2561 1851 1625 1265

Table 4 Magnitude values and hypocentral distances for the event recorded on 2006 October 26"
at 18:23 at the four different seismic stations.

The magnitude values obtained for the waveforms recorded at TAGG and
ASB2 are the greater ones and this is in agreement with the hypocentral
distances of the stations. Moreover, even if the hypocentral distance of the

ASB2 station is much less than that of TAGG, the magnitude values obtained
for ASB2 and TAGG are the same (within the error value).
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8.1.3 Searching for a scaling law

An important task that could be very interesting in a volcano seismology
context, is to investigate on a possible scaling low for the magnitude values of
LP events, to eventually improve the knowledge about the LP source.

Once established that the duration is not correlated to the energy contribute
of the events (Section 6.3), we decided to use the dominant frequency as the
parameter to study for the scaling low.

As a first attempt to investigate on a possible scaling law, we represented the
magnitude values versus the dominant frequencies for the entire data set at
the four seismic station using blue dots for the events recorded at ASB2
station, red dots for the events at TAGG station, green dots for those
recorded at AMS2 station and black ones for the events recorded at BGNB
(Figure 72). To better visualize the results we also separated them for the four
seismic stations and represented the magnitude versus the dominant
frequencies as well (Figure 73, Figure 74, Figure 75, Figure 76).
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Figure 72 Magnitude versus dominant frequency for the LP seismic events at Campi Flegrei
recorded at October 2006. Red dots are for the events recorded at ASB2 seismic station, blue dots
for TAGG station, green symbols for AMS2 and black ones for BGNB seismic station. The error on

the magnitude values is 0.2.

In Figure 73, Figure 74, Figure 75 and Figure 76, we showed the results
obtained for the events recorded at each station.
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Figure 73 Magnitude versus dominant frequencies for the event recorded at the ASB2 seismic

station. The error on the magnitude values is 0.2.
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Figure 74 Magnitude versus dominant frequencies for the event recorded at the TAGG seismic

station. The error on the magnitude values is 0.2.
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Magnitude vs Dominant Frequency for LP event at Campi Flegrei - Seismic station AMS2
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Figure 75 Magnitude versus dominant frequencies for the event recorded at the AMS2 seismic
station. The error on the magnitude values is 0.2.
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Figure 76 Magnitude versus dominant frequencies for the event recorded at the BGNB seismic
station. The error on the magnitude values is 0.2.

Observing Figure 72, a regularity on the behaviour of the magnitude and
dominant frequency values is evident. In fact, the results with lower
magnitude and also dominant frequency values is BGNB ( the one with the
smallest hypocentral distance value), and then gradually increasing the values
obtained for the event recorded at AMS2 seismic station, ASB2 and finally
TAGG seismic station.

Observing also the results separated for each seismic station (Figure 73,

Figure 74, Figure 75, Figure 76) no scaling law between the dominant
frequency and magnitude appears to be evident.
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8.2 Mount Colima

We searched for the magnitude estimation of an LP data set recorded at
another volcano: Volcan de Colima, that is characterized by a very different
dynamic respect to the Campi Flegrei area.

Colima is a 3860 m high andesitic strato-volcano and it is considered the most
active volcano in Mexico. It shows a wide range of eruptive styles that often
occur in cycles. An important eruptive cycle ended in June 2005, but the
eruptive activity continued to January 2007 with ash and steam emission
(Petrosino, et al., 2011). This eruptive activity was accompanied by different
kind of seismicity. In particular the explosions and steam emission were
accompanied by Long Period seismic events.

In this work we studied the LP seismicity that occurred during December 2005
at a depth of 1070 m, that was recorded by 3C broad-band seismic stations.
Since no earth quality factor Q is available for this volcano, we performed the

path attenuation correction assuming the same quality factor of Etna volcano
(Del Pezzo, et al., 1996).

We analyzed the waveforms recorded at two seismic stations: COCA and
COBA (see Figure 77).

Figure 77 Map of Colima Volcano. Triangles represent the seismic stations (Map from Google.it).

In the following figures (Figure 78 and Figure 79) an example of an LP
waveform recorded on 2005 December 3™ at both the seismic stations is
plotted.
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Figure 78 3C waveforms of Colima LP recorded on 2005 December 3" at COCA seismic station.
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Figure 79 3C waveforms of Colima LO recorded on 2005 December 3" at COBA seismic station

The waveforms of Colima volcano have a higher SNR respect to those of
Campi Flegrei caldera and this make the data analysis easier.

Once selected the data-set that has to be analysed (considering the ones with
a higher SNR in which the identification of the onset of the seismic impulse
was easier) we performed the ‘2t" method (see Section 7.2) to determine the
time duration of each waveform and then we could compute the velocity-
density spectra for the entire data set, using the Eq. 52.

Studying the spectra of the recorded events we could obtain the dominant
frequency of each event at each seismic station.

In Figure 80 and Figure 81, respectively, the dominant frequencies for the

events recorded at COCA seismic station and COBA seismic station are
plotted.
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Dominant frequency for LP event at Colima, COCA seismic station

13 T T T T T T
12 =
.
11 -
1L _
=
=
<09 .
g »
g
] 5 *
g 08 -~
£ *
5 .
= - L4 e
gm = *
a . -
06~ L » A4 —
.
& » . ® . . oy R -
. » . .
0s5H* » » s & g, I @ * -
* . T » » . » PP » » v X » »?
. =
04— [ ) -
| I | I I | I
0 10 20 30 40 50 60 70 80

event index

Figure 80 Dominant frequencies of the Colima LP events recorded at COCA seismic station. Each
integer number in the x axes (event index) represents a different event.

Dominant frequency for LP event at Colima, COBA seismic station
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Figure 81 Dominant frequencies of the Colima LP events recorded at COBA seismic station. Each
integer number in the x axes (event index) represents a different event.

The dominant frequency values are in the range 0.2 Hz — 1.2 Hz, that is typical
for the LP seismicity (see Section 3.1).

As final step, we could estimate the magnitude using Eq. 51. Also in this case
the error on the magnitude values is 0.2, but, to better represent the results,
we didn’t use the error-bars in the following plot. In Figure 82 the magnitude
obtained for the events recorded at COCA seismic station are plotted, in
Figure 83 the magnitude of the events recorded at COBA seismic station are
plotted.
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Magnitude for LP event at Colima, COCA seismic station
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Figure 82 Magnitude values obtained for the LP events recorded at Colima volcano by COCA
seismic station. Each integer number in the x axes (event index) represents a different event.
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Figure 83 Magnitude values obtained for the LP events recorded at Colima volcano by COBA
seismic station. Each integer number in the x axes (event index) represents a different event.

The obtained magnitude values are in the range between 0.7+0.2 and
1.440.2. The analysed swarm of low-frequency events is characterized by a
low energy content, but clearly higher than that of Campi Flegrei.

The magnitude values obtained for the two different seismic station are in the
same range.

Finally, we plotted the magnitude values versus the dominant frequencies to
possibly point out a scaling low also for the case of Colima volcano. In Figure
84 and Figure 85, the magnitude versus dominant frequency for COCA and
COBA seismic stations, respectively, are plotted.
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Magnitude vs. Dominant Frequency for LP event at Colima, COCA seismic station
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Figure 84 Magnitude versus dominant frequency for the events LP recorded at Colima by COCA
seismic station.

Magnitude vs. Dominanf Frequency for LP event at Colima, COBA seismic station
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Figure 85 Magnitude versus dominant frequency for the events LP recorded at Colima by COBA
seismic station.

The results didn’t point out any scaling low also in this case.

Estimating the magnitude also for the Colima LPs we could demonstrate the
simply applicability of the proposed algorithm also for LP seismicity with
different features, confirming also the absence of a scaling low between
magnitude and dominant frequency.
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8.3 Mount Etna

We estimated the magnitude value also for an LP event recorded at Etna
volcano.

Etna volcano is a strato-volcano 3330 m high, located in Sicily (South Italy). It
covers an area of about 1,250 km? with a basal circumference of 140 km. It
shows almost continuous eruptive cycles and also LP events are repetitive
(Patane, et al., 2011).

An effusive eruption started on 2004 September with thousands of LP events.
We analyzed a low frequency event recorded on 2005 August at ETOO seismic
station. It was located in the summit crater at 2700 m a.s.l. (Lockmer, et al.,
2007), and recorded by 3C digital seismic stations (Figure 86).
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Figure 86 Map of Mt Etna superimposed by the localizations of the seismic stations (triangles) and
the LP event (star). The depth of this selected event is 2700 m a.s.l. (Del Pezzo, et al., 2013).

As first step we evaluated the 2T’ time duration (see Section 7.2).
In the following figure (Figure 87) we plotted the 3C waveforms superimposed
with the duration selection (red lines).
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Figure 87 3C waveforms of the LP recorded at Etna volcano on 2005 August superimposed with
the duration selection (red lines).

Then we performed the velocity-density spectrum (see Section 7.3) corrected
by the attenuation using the attenuation parameter obtained by (Del Pezzo,
et al., 1996) and we represented it in the following figure (Figure 88). The
dominant frequency obtained is 2.5 Hz.
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Figure 88 Spectrum of the LP recorded at Etna volcano on 2005 August and its dominant
frequency.

We could finally evaluate the magnitude using Eq. 50 and we obtained the
value: 1.4 +£0.2.
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9. Conclusions and future developments

In the present doctoral thesis we approached a method for the determination
of the magnitude of Long Period events. No previous studies on this topic
exist, possibly due to the intrinsic difficulties in representing the corrected
source for the low frequency seismicity.

After a first step of study of the features of the LP seismicity recorded on
October 2006 at Campi Flegrei caldera. In November 2004 a new phase of
uplift started and culminated in October 2006 leading to 4 cm of positive
ground deformation. The deformation has been accompanied by swarms of
VT and LP earthquakes all localized around the Solfatara crater (see Figure 24)
(Saccorotti, et al., 2007). This crisis didn’t end with an eruption.

We firstly proposed several methods for the duration evaluation and for the
energy determination. We calculated the duration through a visual inspection
of the waveform or of the envelope of each waveform and we also developed
two algorithms to routinely obtain this duration (Section 6.2). The routines led
to unstable results, small variation of the parameters involved, resulted in
great variations in the duration results, so we did not use those routines and
visually selected the events-duration also using sometimes a supporting
function based on the envelope of the waveforms (see Section 6.2.1).

We developed different methods for the energy evaluation based on a
theoretical approaches or on the area of the envelope of the waveforms
calculated in different ways ( Section 6.3).

Using the different method we obtained, an uncorrelation between the
energy and the duration of the LP events (Section 6.3.3). These results proved
that the duration for the LP events have a different meaning respect to the
duration of a VT event.

The time sustained source of an LP event leads to different waveforms
respect to the VT ones and possibly it is responsible for the behaviour of the
signal duration versus the energy. In fact an LP event with short (source)
duration and high maximum amplitude may have the same energy of an LP
with greater duration and lower maximum amplitude.

As final step we moved in the frequency domain and evaluated the energy as
the integral of the squared velocity density spectrum.

Evaluating the spectrum of each LP event, considering the path attenuation
correction and the transduction constant of the instrument, we could obtain
the dominant frequency value. We evaluated the dominant frequency for the
Campi Flegrei LP data-set (Section 8.1.1), for the Colima LP data-set (events
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recorded on December 2005) (Section 8.2) and for an LP event recorded at
Etna volcano on August 2005 (Section 8.3).

The obtained dominant frequencies values were in the typical range of LP
event (see Section 3.1).

Our scope was to define a simple method for the magnitude evaluation
possibly useful for a routinely and in quasi-real time practice of a
volcanological observatory.

In order to obtain this goal, we evaluated the integral of the squared velocity
density spectrum for each LP event and then we consider as magnitude M,p
the moment-magnitude of a VT with the same integral value of the LP one.
The magnitude values obtained for Campi Flegrei data-set span in the range -
0.31£0.2 and 0.6£0.2, so they confirm the low energy content of this seismicity.
The lower magnitudes have been obtained for the BGNB waveforms and the
greater for ASB2 events and this could be due to the different source-receiver
distance (see 8.1.2).

The attenuation parameters (Section 7.3) are calibrated on VT events, so, to
minimize this dependence on the distance, a better evaluation of the
attenuation parameters specific for LP seismicity could be necessary.

The last step was to make a first attempt in searching for a scaling law for the
magnitude. For this scope we deeply analysed the behaviour of the
magnitude as a function of the dominant frequency. In both data-set (Campi
Flegrei (Section 8.1.2) and Colima (Section 8.2), differently from the case of VT
events (Bak, et al., 2002, Beresnev, 2009), we didn’'t find a scaling law
between the magnitude and the dominant frequency.

We are also confident that this method could be helpful in the determination
of the magnitude of LP events recorded in non-volcanic areas (e.g. Piccinini &
Saccorotti, 2008) or in other sectors broader to volcano seismicity (for
instance, the size of slow-slip events, landslides, large glacial earthquakes,
low-frequency tectonic earthquakes).
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