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Abstract New duration-based local (ML) and moment (Mw) magnitude scales are
obtained for the Campi Flegrei area through analysis of a dataset of local volcano-
tectonic earthquakes. First, the S-wave quality factor for the investigated area was
experimentally calculated, and then the distance-correction curve, logA0�r�, to be
used in the Richter formula ML � logAmax − logA0�r�, was numerically estimated
by measuring the attenuation properties and, hence, propagating a synthetic S-wave
packet in the earth medium. The local magnitude scale was normalized to fit the
Richter formula that was valid for Southern California at a distance of 10 km. ML
was estimated by synthesizing Wood–Anderson seismograms and measuring the
maximum amplitude. For the same dataset, the moment magnitude was obtained from
S-wave distance-corrected and site-corrected displacement spectra. Comparisons
between local and moment magnitudes determined, along with the old duration
magnitude (MD) routinely used at the Istituto Nazionale di Geofisica e Vulcanologia–
Osservatorio Vesuviano, are presented and discussed. Moreover, the relationships
between ML and Mw calculated for two reference sites are also derived.

Introduction

The quantification of the seismic energy of earthquakes
occurring in volcanic regions is of great importance to better
our understanding of the dynamics of volcanoes. The amount
of released energy and its variation during seismic crises can
be assumed to be an indicator of the source processes that act
inside the volcano. In this context, the effects of propagation
in attenuative media should be considered, to correct for path
effects and to correctly estimate the seismic energy released
at the source. Moreover, the use of magnitude scales as
homogeneous as possible for the seismic energy quantifica-
tion is recommended, to allow a comparison with dynamic
processes occurring at other volcanoes.

The problem of quantifying seismic energy is particu-
larly crucial in densely populated areas, where the earth-
quake magnitude is one of the parameters used for the
definition of the alert levels. Therefore, a correct magnitude
estimate in high-risk volcanic areas has an important role for
the monitoring activity. For all these reasons, in several stu-
dies in recent years there have been efforts to calibrate reli-
able magnitude scales for volcanic areas such as Mount
Vesuvius, Deception Island, and Mount Etna (Del Pezzo
and Petrosino, 2001; Havskov et al., 2003; D’Amico and
Maiolino, 2005).

Local and moment magnitude scales are the most wide-
spread scales for the estimates of the earthquake energy, and
they are commonly used by volcanological observatories and
seismological agencies. Bulletins of current seismic activity

often contain magnitude estimates based on these scales. The
local scale proposed by Richter (1935) was the first to be
introduced for earthquake size quantification. Initially devel-
oped for Southern California, this scale was soon extended to
many other regions in the world (see, among others, Alsaker
et al., 1991; Kim, 1998; Gasperini, 2002; Baumbach et al.,
2003; Stange, 2006) after having found the correct distance-
correction curves that empirically account for local at-
tenuation. Worldwide, many seismic catalogs based on the
local magnitude are available; therefore, this scale is useful
for comparisons of seismic activity occurring in different
regions.

On the other hand, Hanks and Kanamori (1979) pro-
posed a new magnitude scale that was based on the estimate
of the scalar seismic moment. This scale does not saturate
for large earthquakes, it is independent of the distance-
correction law, and it has to be considered the most reliable
scale for earthquake size quantification. For this reason,
many studies have developed relationships to express the
local magnitude in terms of the moment magnitude (Bakun,
1984; Papazachos et al., 1997; Grünthal and Wahlström,
2003; Bindi et al., 2005; Scordilis, 2006).

At present, the seismological practice of the Istituto Na-
zionale di Geofisica e Vulcanologia–Osservatorio Vesuviano
(INGV–OV) calculates the magnitude of earthquakes occur-
ring in the Campi Flegrei area from the coda duration mea-
sured at a short-period seismic station (STH; Fig. 1) located
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in the area of the Solfatara crater. It is well known that for
local earthquakes, the duration of the seismograms is inde-
pendent of the seismic source, the station-to-source distance,
and the regional geology; it depends only on the energy of
the seismic event (Sato and Fehler, 1998). The duration mag-
nitude formula routinely used at the INGV–OV (Orsi et al.,
1999) is expressed as

MD � �2:46� 2:82 log τ ; (1)

where τ is the earthquake duration, measured from the
P-wave arrival to the point at which the coda of the signal
drops down the noise amplitude. The relation of equation (1)
is purely empirical, and it can be used only for comparisons
between local events.

In the present study, we introduce local and moment
magnitude scales for the area of Campi Flegrei, to allow
comparisons of the present day levels of seismicity with
those measured for other active volcanoes.

Sometimes the original local magnitude scale developed
by Richter (1935) for Southern California is used for differ-
ent regions, when similar crustal attenuation properties are
observed. This is not expected in the case of volcanic areas
such as Campi Flegrei, where the quality factor (Q) values
are lower than those of the surrounding tectonic areas. There-
fore, to calibrate a reliable magnitude scale that fully takes
into account the very local attenuation, we first perform a
preliminary attenuation study for the investigated area, cal-
culating the S-wave quality factor. Then, following Boore
(1983), we generate synthetic wave packets with a source
spectrum characteristic of the volcano-tectonic (VT) earth-
quakes that occur at Campi Flegrei and propagate in a med-

ium with the attenuation parameters obtained. From the
decay pattern of the maximum amplitude, we estimate the
correct distance-correction curve and calibrate the local mag-
nitude scale. Local magnitude is then computed by applying
the new scale to real seismograms convolved with the re-
sponse function of a Wood–Anderson seismometer.

Although the calibration of the local magnitude scale
can be problematic at close distances, due to large uncertain-
ties in the determination of the surface attenuation properties,
a practical reason led us to introduce this scale for Campi
Flegrei: amplitude-based magnitude measurements can be
useful in this volcanic area, instead of the duration-based
ones, when earthquake swarms occur and the estimation
of the duration becomes difficult due to the occurrence of
new events in the coda of the previous ones.

We also obtain more robust estimates of the earthquake
energy by calculating the moment magnitude from the spec-
tral amplitudes of the VT earthquakes, and we derive some of
the relationships between the different duration-based and
amplitude-based scales.

We carry out these tasks for two different reference sites,
Solfatara and Astroni, to have alternative ways of estimating
the magnitude and to overcome some practical problems,
such as amplitude clipping, coda truncation for earthquakes
occurring closely spaced in time, and malfunction of the
reference station.

Instruments, Seismicity, and Dataset

The present seismic monitoring network of the Campi
Flegrei volcanic complex managed by the INGV–OV is com-
posed of nine analog stations that are telemetered to the Data
Acquisition Center and eight digital stations (four Lennartz
MarsLite, three Lennartz M24, and one Lennartz PCM 5800)
recording in situ. The analog stations are equipped with
vertical short-period 1-Hz Mark L4-C sensors or three-
component 1-Hz Mark L4-3D or Geotech S13 sensors. Sig-
nals are sampled at 100 Hz. The digital network is equipped
with three-component broadband Lennartz LE3D/20s or
Guralp CMG40T/60s seismometers, except for the one
Lennartz PCM 5800 station, which is equipped with a
three-component 1-Hz Geotech S13 geophone. The sam-
pling rate of the digital stations is set to 125 Hz.

The seismicity of Campi Flegrei, which generally occurs
during the phases of uplift, has mostly been characterized
over the last 25 yr by moderate-to-low duration magnitude
(up to MD 4.2) VT earthquakes, with epicentral locations in
the area of the Solfatara crater and at depths of less than 5 km
(Aster and Meyer, 1988).

The most important recent bradyseismic crisis at Campi
Flegrei occurred in 1982–1984, when there was an uplift of
1.8 m that was centered on the town of Pozzuoli and that was
accompanied by more than 16,000 earthquakes. Minor uplift
episodes that were accompanied by seismic activity occurred
in 1989, 1994, and 2000 (Orsi et al., 1999; Saccorotti, 2007).
The most recent phase of unrest started in November 2004,

Figure 1. Map of Campi Flegrei with station positions. The dif-
ferent symbols correspond to digital broadband stations, circles;
a digital short-period station, crossed circle; analog short-period
stations, triangles; and digital short-period stations deployed by the
University of Wisconsin in 1984, squares. Filled symbols corre-
spond to the stations used in the present study for the determination
of the new magnitude scales.
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and it was characterized by the occurrence of VT and long-
period seismicity (Saccorotti et al., 2007). Approximately
300 low-magnitude VT earthquakes were recorded between
March 2005 and December 2006, most of which were
concentrated within distinct seismic sequences. The main
seismic swarms occurred on 5 October 2005 (about 90 micro-
earthquakes with Mmax of 1.1) and during the period of 19–
30 October 2006 (160 microearthquakes with Mmax of 0.8).

To correctly calibrate the magnitude scales for the
Campi Flegrei, we used the recordings from both the analog
three-component STH station and the digital three-
component ASB2 station (Fig. 1). The first of these is located
in the Solfatara area and is equipped with a short-period 1-Hz
Mark L4-3D sensor, while the other is located in the Astroni
crater and is equipped with a broadband Lennartz LE3D/20s
seismometer. The advantage of using the data recorded by a
digital station with a high-dynamic range, such as for ASB2,
is that amplitude saturation for large earthquakes is avoided.
However, because STH is the reference station routinely used
at the INGV–OV for duration magnitude determination, new
magnitude relations should also be derived for this station to
provide comparison with previous data and to ensure
consistency and continuity within the seismic catalog.

The starting dataset consisted of 83 three-component
recordings of local earthquakes that occurred in the period
from March 2005 to December 2006. The events were
located by applying a grid search algorithm and using a
three-dimensional velocity model (Saccorotti et al., 2007).
This dataset was characterized by earthquakes with low
MD (up to 1.2); for this reason it was enlarged by the addition
of a subset of earthquakes from the 1984 bradyseismic crisis
that were chosen on the basis of location (occurring in ap-
proximately the same area as the 2005–2006 events) and
magnitude (between 0.9 and 3.2). Using this whole dataset,
the validity of the magnitude relations is ensured over a wider
magnitude range.

The dataset collected during the 1984 bradyseismic
crisis has been widely described in many studies (see, for
example, Aster and Meyer, 1988; Aster et al., 1992), as well
as the recording network that was installed at that time by
the University of Wisconsin. For the present analysis, we
selected 57 earthquakes that were recorded at the W12
and W03 digital stations, which were equipped with
three-component 1-Hz Hall-Sears geophones and a sampling
rate of 100 Hz. These two stations were chosen due to their
proximity to the STH and ASB2 stations, respectively (less
than 1 km; Fig. 1). In this way, we can consider the datasets
recorded at STH and W12 representative of the Solfatara site
and those from ASB2 and W03 representative of the Astro-
ni site.

The final full dataset used in the present study therefore
consists of 140 earthquakes that were recorded in 1984 and
2005–2006 and that have hypocentral distances ranging from
0.2 to 8 km and depths ranging from 0 to 5 km.

This dataset was used to calibrate the duration magni-
tude relationships with the local and moment magnitudes

at the reference site of Solfatara, using recordings from sta-
tions STH and W12. Moreover, we calculate the local and
moment magnitudes for the earthquakes recorded at the di-
gital stations ASB2 and W03 and introduce the relationships
betweenML andMw calculated for the Astroni and Solfatara
areas, to provide an alternative reference site for the magni-
tude estimates without losing the consistency of the seismic
catalog.

Methodology

Seismic Attenuation and Local Magnitude
Determination

The original definition of local magnitude introduced by
Richter (1935) is based on the equation

ML � logA � logA0�r�; (2)

where A is the maximum amplitude of the Wood–Anderson
trace in millimeters and logA0�r� is the distance-correction
curve, which is defined with respect to a reference earth-
quake and needs to be experimentally determined. Because
of the restricted number of stations recording the same event
and the short distance range of our observations (0.2–8 km),
it is difficult to experimentally derive the maximum ampli-
tude decay with distance in the Campi Flegrei area. To over-
come this difficulty, we used the method described by Del
Pezzo and Petrosino (2001), which is based on the procedure
of the simulation of a synthetic wave packet (Boore, 1983)
for a suitable source-distance range in a medium with known
attenuation properties.

As a preliminary step, we estimated the average value of
the shear-wave quality factor for Campi Flegrei using part
of the dataset (January–April) that was recorded dur-
ing the 1984 bradyseismic crises at the seismic network
installed in that period by the University of Wisconsin
and the Osservatorio Vesuviano (see Aster et al., 1992,
for more details). The Q-value in the crust was determined
by using the recordings of 195 local earthquakes that were
recorded at the stations W12, W03, and W21 and that had
focal depths from 0 to 5 km and hypocentral distances from
0.2 to 9 km.

The amplitude spectrum for the S and P waves as the
product of source, path, and site effects can be written as

Aij�f; r� � SAi �f�Tj�f� exp��πfk0�Gij�r�

× exp
�
�πf tij�r�

Q�f�
�
Ij�f�; (3)

where Aij�f; r� is the high-frequency amplitude spectrum;
f is the frequency of the P- or S-wave radiation emitted
by the source i at a total distance rij measured along the
source (i) station (j) ray path; SAi �f� is the amplitude spec-
trum at the source; Tj�f� is the site amplification func-
tion; exp��πfk0� is the site-dependent attenuation term or
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diminution operator (the parameter k0 determines the high-
frequency spectral decay and depends on the local geology,
as shown by Anderson and Hough [1984]); Gij is the geo-
metrical spreading term, which is assumed to be equal to r�1ij ;
exp��πftij�r�=Q�f�� is the path-dependent anelastic at-
tenuation term and Q�f� is the total quality factor averaged
in the earth volume under investigation; tij is the travel time
along the ray with coordinate r; and Ij�f� is the instrument
transfer function.

Following Abercrombie (1995), the earthquake source
spectrum can be written as

SAi �f� �
Ω0

�1� �f=fc�γn�1=γ
;

where Ω0 is the long-period amplitude, f is the frequency, fc
is the corner frequency, n is the high-frequency (log-log) fall-
off rate, and γ is a constant. There will always be some
ambiguity concerning the source spectral fall-off and at-
tenuation. We can assume n � 2 for close events like those
used in this study and a Boatwright spectral shape (γ � 2),
which provides a better fit of our data:

SAi �f� �
Ω0

�1� �f=fc�4�1=2
:

The quality factor Q can be estimated by taking the loga-
rithm and numerically differentiating equation (3), with
the assumption that Q is constant over narrow frequency
bands. Introducing the slowness s0 � 1=vs, we obtain

Hij � Df�lnAij�

� � 2f3

f4c � f4
�Df�lnT�f�� � πk0 � πrijs0

1

Qij�r�
�Df�ln Ij�f��; (4)

where the geometrical spreading term has disappeared, as it
is independent of frequency.

We made a preliminary selection on the waveforms of
our dataset, on the basis of the signal-to-noise ratio and the
absence of spikes and other disturbances. Then, numerical
differentiation was carried out for the average S-log-spectra
obtained by using the two horizontal components of the seis-
mograms. Before differentiating, we applied a smoothing to
each spectrum using a moving window of seven points, with
the sliding of one point. Finally, we selected only those spec-
tra that showed a very clear decay pattern, and we visually
measured the corner frequency. For each of the three stations,
the site amplification function T�f� with respect to the aver-
age site amplification (Fig. 2) and the k0 term (Table 1) used
in equation (4) had already been measured by Del Pezzo et al.
(1993) and De Natale et al. (1987), respectively. In particular,
the k0 term used for station W12 is that reported by De
Natale et al. (1987) for station W02, as these two seism-
ometers were installed at the same site. The value of s0

was obtained from the inverse of the S-wave velocity, vs
(1500 m=sec), as measured by Vanorio et al. (2005).

The system of equations (4) can be arranged in a matrix
form (Menke, 1984):

d � Gm; (5)

where d is the vector containing the data, G is the coefficient
matrix, and m is the vector of the model parameters contain-
ing the unknown Q-values in the different frequency bands.
We solved the inverse problem in 13 frequency bands with
central frequencies Cf ranging from 3 to 15 Hz, with a step
of 1 Hz and a bandwidth equal to 2�Cf=4�.

To quantify the uncertainties that affect the estimation of
the attenuation factor, we calculated the covariance matrix. In
terms of the quantities defined in equation (5), the expression
of the covariance matrix is

�cov�m�� � σ2
d�GTG��1; (6)

where σd is the data variance that is calculated by propagat-
ing the uncertainties affecting each term of equation (4).
Using the error estimates obtained by De Natale et al.
(1987) and Del Pezzo et al. (1993) for the k0 terms and
the amplifications Tj�f�, and as the uncertainties that affect
the spectral amplitudes and the corner frequencies are 20%
and 25%, respectively, the percentage of standard deviation
on the data vector d is 35%. By applying equation (6), the
average relative error affecting theQ-values retrieved in each
frequency band is 35%. The Q-values obtained show an

Figure 2. Site amplification functions for stations W12, W03,
and W21 (after Del Pezzo et al., 1993).

Table 1
k0 Terms for Stations W12, W03, and W21

(after De Natale et al., 1987)

Station k0

W12 0:004� 0:020
W03 0:022� 0:011
W21 �0:02� 0:023
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overall frequency dependence (Fig. 3). To model the depen-
dence of the quality factor on the frequency, we assumed the
functional law Q�f� � Q0f

g. Then, the Q-values obtained
were fitted to this relation, and we determined the parameters
Q0 and g and their errors. We found Q0 � 21� 7 and g �
0:6� 0:9 (Fig. 3).

Once the frequency-dependent Q had been determined,
we derived the maximum amplitude decay with distance for
the definition of the distance-correction curve for the Campi
Flegrei area. First, a synthetic wave train was generated
by using the method of Boore (1983). A random number
sequence with zero mean and a uniform distribution was
multiplied in the time domain by a Hanning window, which
accounted for the finite duration of the wave packet. Its am-
plitude spectrum was then multiplied by the source spectrum,
with a spectral decay proportional to �2, a corner frequency
of 13 Hz (the average corner frequency for earthquakes that
constitute our dataset), and for the geometrical spreading, the
anelastic attenuation and the diminution operators

1

r
exp

�
� πfr
Q�f�vs

�
exp��πk0f�:

In this way, we simulated an S-wave train generated by
a Haskell-like source, propagating in a medium with a
frequency-dependent Q and with k0 equal to 0.008, which
represents the average value of the k0 parameters retrieved
for the stations W03, W12, and W21 by De Natale et al.
(1987). The synthetics were generated for a set of distances,
r, in the 0.1–10 km range. Site amplification was introduced
by multiplying the spectra by the term Tj�f�, where j repre-
sents the station index and is 1,2, because we calibrated
the local magnitude scale for the two sites of Solfatara
and Astroni. The site-corrected spectra were transformed into
the time domain via inverse fast Fourier transform (FFT), and

the maximum amplitudes corresponding to each distance r
were fitted to the relationship

� logA0j � a log r� br� c�
XNs

l�1

slδlj; (7)

where δlj is the Kronecker delta and Ns is the number
of stations (equal to 2). The system of equations (7) was
inverted under the constraint that the station correction
sum is equal to zero. In the inversion procedure, cwas treated
as a free parameter that will be determined by applying the
normalization condition. The values obtained for the coeffi-
cients a and b and the station corrections, sl, for the Solfatara
and Astroni sites are

a � 0:95� 0:08; b � 0:09� 0:01;

ssolfatara � 0:12� 0:03; sastroni � �0:12� 0:03:

The maximum amplitude decay with distance due to both
geometric spreading and attenuation can therefore be ex-
pressed as

� logA0 � 0:95 log r� 0:09r� c: (8)

The value of the constant cwas constrained to normalize
the local magnitude scale to motions at small station-to-
source distances. As demonstrated by Hutton and Boore
(1987), the normalization distance of 100 km originally sug-
gested by Richter might not be adequate when dealing with
local earthquakes that are propagating in regions that have
very different attenuation within the first 100 km. As we
expect that for the Campi Flegrei volcanic complex the at-
tenuation properties are quite different from those character-
izing the surrounding area, we did not normalize at 100 km,
but we choose the normalization distance of 10 km, which is
the range in which we consider the attenuation properties
modeled by both the Q�f� and k0 parameters to be reliable.
Moreover, epicentral distances beyond 10 km are related to
the tectonic seismicity of the Campanian Plain and of the
Apennines, which is indeed excluded from our study.

Following Hutton and Boore (1987) for Southern
California, the distance-correction curve for the reference
earthquake of magnitude 3 is expressed as

� logA0 � 1:1 log�10=100� � 0:00189�10 � 100� � 3

⇒ � logA0 � 1:72:

By substituting this value in (2), we can calculate the value of
logA for the reference earthquake:

3 � logA� 1:72 ⇒ logA � 1:28:

On the other hand, if we take into account the distance-
correction term derived for Campi Flegrei (see equation 8),
and assuming that at the distance Rref of 10 km an earthquake

Figure 3. Quality factor (Q) values obtained from the attenua-
tion analysis in the 3–15 Hz frequency range (circles), and the
functional dependence on the frequency described by the law
Q�f� � 21f0:6 (solid line).
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of magnitude 3 would have the same amplitude as in South-
ern California on a Wood–Anderson seismometer, we can
rewrite equation (2) as

3 � 1:28� 0:95 logRref � 0:09Rref � c;

and the value of the constant c becomes

c � �0:1� 0:1:

Therefore, the local magnitude scale for Campi Flegrei is
given by

ML � logA� 0:95 log r� 0:09r � 0:1� sj: (9)

To calculate the local magnitudes for the earthquakes of
our dataset, we proceeded in the following way. For each
of the 140 earthquakes, we calculated the Fourier transform
of the two horizontal components and corrected them for the
complex instrument transfer function. For the Mark-L4C,
the response curve was obtained through a calibration pro-
cedure, while for the Lennartz LE3D/20s and Hall-Sears sen-
sors we used the parameters reported in the data sheet. The
corrected displacement spectra were then multiplied by the
complex Wood–Anderson transfer function. We used the
standard Wood–Anderson transfer function, with magnifica-
tion of 2800, damping factor of 0.8, and natural period of
0.8 sec (Richter, 1935).

The synthetic Wood–Anderson seismograms (Fig. 4)
were obtained by applying the inverse FFT algorithm, the
zero-to-peak maximum amplitudes were measured on both
of the horizontal components, and the two values were aver-
aged. The local magnitude was estimated using equation (9).
The error on the magnitude values was obtained by propa-
gating the uncertainties that affect the maximum amplitude
A, the hypocentral distance r, and the parameters a, b, c, and
sl of equation (7). Assuming that the distance estimates are
affected by uncertainties on the order of 20% and that the
relative error on the maximum amplitude is proportional to
the signal-to-noise ratio (Del Pezzo and Petrosino, 2001), we
found that the magnitude estimates are affected by an abso-
lute error of 0.2, for a signal-to-noise ratio greater than 10.
When the signal-to-noise ratio drops below 10, the absolute
error on ML increases to 0.3–0.4.

To show that our data fit to the attenuation model, we
grouped the earthquakes of the dataset into three magnitude
bins centered onML 1, 2, and 3, with a width on the order of
the maximum absolute error onML, and then plotted the am-
plitudes of these earthquakes as a function of the distance
(Fig. 5). The distribution of the observed amplitudes follows
the theoretical attenuation law (equation 8) derived from
ground-motion simulation. The distance-correction curve
that is calibrated for the reference earthquake of magnitude
3, fits the observed amplitudes of the earthquakes well, with
ML in the 2.8–3.2 range.

As we are interested in calibrating duration-based mag-
nitude scales to allow rapid magnitude estimations for rou-
tine purposes, we also calculated the coda duration of all the
earthquakes of the dataset recorded at the STH and W12 sta-
tions. As an objective criteria to adopt in measuring the earth-
quake duration, we calculated the root mean square (rms)
value of the amplitude of the signal in a 0.5-sec-length slid-
ing window, starting 2 sec before the P-wave arrival and mul-
tiplying this quantity by the time t. The function obtained

Figure 4. An example of a seismogram for a local VT earth-
quake. The upper panels represent the east–west and north–south
components of the original velocity seismogram recorded at station
ASB2. The lower two panels are the synthesized Wood–Anderson
seismograms for the east–west and north–south components,
respectively.

Figure 5. Observed amplitudes for three magnitude bins
(ML 0.8–1.2, circles; ML 1.8–2.2, diamonds; and ML 2.8–3.2,
squares) and theoretical distance-correction curve (solid line).
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rms × t, when plotted versus time, has a rapid increase that
corresponds to the P-wave first arrival. Then, it decreases
along the seismograms, and finally, it has a new increase
when calculated after the coda end. By reading the time
of the occurrence of the minimum, the earthquake duration
can be obtained (Fig. 6). The corresponding duration mag-
nitude can be estimated from equation (1).

Determination of the Moment Magnitude

We calculated the moment magnitude from the seismic
moment M0 using the formula of Hanks and Kanamori
(1979):

Mw � logM0

1:5
� 10:73: (10)

With the hypothesis of a double couple mechanism, the
scalar seismic momentM0 can be estimated by the following
relation (Lay and Wallace, 1995):

M0 �
4πρv3srΩ0

FYθ;ϕ
; (11)

where r is the hypocentral distance, vs is the average S-wave
velocity in the medium between the source and the receiver,

ρ is the average density, Ω0 is the low-frequency level of the
S-wave displacement spectrum, F is the free surface opera-
tor, and Y is the radiation pattern term.

To estimate the seismic moment M0 of the 140 earth-
quakes recorded at the STH, ASB2, W12, and W03 stations,
we selected a 2.5-sec-long time window around the S-wave
onset, and we calculated the amplitude spectrum of the
displacement and corrected it for the geometrical spreading
1=r, for the path-dependent anelastic attenuation term
exp��πrf=vsQ�f��, for the diminution factor exp��πk0f�,
and for the frequency-dependent site amplification T�f�.
We used k0 � 0:004 for stations W12 and STH and
k0 � 0:022 for stations W03 and ASB2 (Table 1), as
W12 and STH are representative of the Solfatara site and
W03 and ASB2 are representative of the Astroni site. For
the same reason, the frequency-dependent site amplifications
for STH and ASB2 were chosen to be equal to the amplifica-
tion functions calculated with respect to an average site for
stations W12 and W03, respectively (Fig. 2). We averaged
the corrected spectra of the two horizontal components
and evaluated the spectral level below the corner frequency.
Finally, by applying equation (11) with the parameters listed
in Table 2, we evaluated the scalar seismic moment asso-
ciated with the double couple mechanism. To estimate the
error on the moment magnitude, we propagated the uncer-
tainties affecting the low-frequency spectral level, the
Q�f� value, the distance (20%), the velocity of S waves
(20%), and the k0 and T�f� site terms reported in De Natale
et al. (1987) and Del Pezzo et al. (1993), respectively. The
variance σ�Ω� of the low-frequency spectral level was calcu-
lated following Boatwright (1978), from the noise spectrum
A�n�, according to

σ�Ω�≈ A�n�
2

:

An absolute error of 0.2 was finally obtained for the moment
magnitude estimates.

Regression and New Magnitude Scales

The comparison of the different magnitude scales is
reported in Figure 7, where the local and moment mag-
nitudes are reported as a function of the duration magni-
tude, for the reference site of Solfatara. The scatter of the
points is caused by the uncertainty in the duration estimates,
which is mainly related to the presence of noise and which
mostly affects short-duration (less-energetic) earthquakes.

Figure 6. The function rms × t (dotted line) calculated for the
seismograms shown in the lower panel is given. A smoothing
over five points was applied (continuous line) before picking the
earthquake cutoff time, marked by the arrow.

Table 2
Parameters Used for the Evaluation of the Seismic Moment

Parameter vs ρ F Y

Value 1500 m=sec 2700 g=cm3 2 0.63
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The relationships between ML, Mw, and MD were derived
from the linear fit:

ML � 0:63��0:05� � 1:00��0:04�MD;

Mw � 0:61��0:04� � 0:82��0:03�MD:

The duration-based local and moment magnitude scales
for the Solfatara site that can be used for practical purposes
were obtained by linear regression on the logarithm of the
coda duration:

M0
L � �1:8��0:1� � 2:8��0:1� log τ ; (12)

M0
w � �1:4��0:1� � 2:3��0:1� log τ : (13)

The apex indicates that local and moment magnitudes
(which are generally expected to be calculated from the

amplitude and the seismic moment, respectively) are instead
derived from the coda duration. In Figure 8, a comparison
among the different duration-based scales is given for the
Solfatara site. We can see that the duration magnitude, rou-
tinely calculated by using (1), and the moment magnitude
differ for durations of up to 80 sec. In contrast, local mag-
nitude systematically produces higher values with respect to
the duration magnitude. This almost constant offset depends
on the normalization criteria chosen to calibrate the local
scale. The relationship between ML and Mw was obtained
by a linear regression (Fig. 9):

ML � �0:12��0:02� � 1:23��0:01�Mw:

Figure 7. Left: The relationship between the local and duration magnitudes for the Solftara site. Right: The same for the moment
magnitude. The dashed line represents the 1∶1 relation.

Figure 8. Local, moment, and duration magnitude laws, as a
function of the coda duration.

Figure 9. The relationship between the local and moment mag-
nitudes derived for the Solfatara site.
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This result is similar to that found by Hanks and Boore
(1984) for small earthquakes in California. Interestingly,
to give alternative magnitude scales to be used in case of
a malfunction of the STH reference station without loosing
the catalog coherency, we derived the relationships for the
local and moment magnitude between the Astroni and Sol-
fatara sites. In this way, possible bias due to residual site ef-
fects can be taken into account. In Figure 10,ML andMw for
the Astroni and Solfatara sites are shown. The relationships
that relate the magnitudes calculated at the two sites are

MS
L � 0:21��0:04� � 0:79��0:02�MA

L; (14)

MS
w � 0:028��0:03� � 0:90��0:02�MA

w; (15)

where the superscripts S and A stand for Solfatara and
Astroni, respectively. Therefore, the local and moment mag-
nitudes can be evaluated for earthquakes recorded at the
ASB2 station, using (9) and (10), respectively, and then this
value can be corrected by using (14) or (15) to minimize pos-
sible bias introduced by different local site responses.

Discussion and Conclusion

In the present study we have calibrated the magnitude
scales based on the earthquake coda duration for the Campi
Flegrei area. These scales can be routinely applied because
they allow rapid and fast magnitude estimates by simply
picking the earthquake duration, so their use is suitable
for real-time applications.

The advantage of calculating local (or moment) magni-
tudes from the coda duration, instead of making amplitude
measurements, is that problems related to the saturation of
the seismic traces that often occur with the most energetic
earthquakes and that usually affect low-dynamic gain analog
stations are fully overcome. This is particularly important for

the routine magnitude estimates for the Campi Flegrei local
earthquakes, because the reference station STH used at the
INGV–OV is a low-dynamic analog instrument. Moreover,
the local magnitude estimation through seismic amplitude
by the use of (9) would also require trace manipulation to
deconvolve the instrument response at first and then to con-
volve the signals with the Wood–Anderson seismometer
transfer function. Finally, the earthquake location has to
be known to estimate the distance-correction term.

On the other hand, it could happen that magnitude
evaluations through (12) and/or (13) are not possible, for
three main reasons:

1. A malfunction of the STH reference station;
2. In case of seismic swarms, when the very close temporal

occurrence of the earthquakes prevents an estimation of
the correct coda duration;

3. The amplitude of the seismic noise (or volcanic tremor) is
high enough to mask the real coda duration of low-energy
earthquakes.

To allow magnitude estimates in these cases also, the
relationships between the magnitudes evaluated at the Solfa-
tara and the Astroni sites, where the ASB2 digital station is
located, have been obtained, providing an alternative to the
STH reference analog station. By using equation (9), or al-
ternatively (10),ML andMw can be evaluated for the Astroni
site, and then by using the derived relations of equation (14)
or (15), it can be traced back to the Solfatara site, to ensure
the catalog homogeneity and consistency.

The advantage in using data from a digital station is that
the application of equations (9) or (10) is always possible
because the high-dynamic-range station is not affected by
problems of saturation, and therefore local and moment
magnitudes can be determined independently from the coda
duration. This is important, because in environments with
high seismic noise, like the highly urbanized and densely

Figure 10. Left: The relationship between the local magnitudes for the Solfatara and Astroni sites. Right: The same for the moment
magnitudes.
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populated Campi Flegrei area, the magnitude estimate based
on the measurement of the ground-motion amplitude is more
reliable than the duration-based magnitude estimate, espe-
cially for small events where the duration could be strongly
biased when the noise level is high (see, for example, Del
Pezzo et al., 2003). The opportunity of calculating the mag-
nitude through amplitude measurements is also particularly
relevant in an active volcanic area like Campi Flegrei, where
volcanic tremors related to episodes of possible unrest could
mask the earthquake coda duration and therefore introduce
bias in the duration-based magnitude estimates.

A final consideration concerns the moment magnitude
scale. This scale represents the most objective way of esti-
mating the earthquake energy, because it depends on the
value of the seismic moment, and unlike the local scale, it
does not depend on a normalization distance. Moreover,
as seen in the previous sections, the absolute errors on
Mw for earthquakes recorded with low signal-to-noise ratios
are lower than those estimated for ML. Therefore, the use of
this scale is strongly recommended.

The local and moment magnitude scales discussed in
this study were derived by correcting the amplitudes of
the seismic signals for path and site effects, in order to obtain
reliable quantification of the earthquake energy. As the local
and moment magnitude estimates allow a comparison with
earthquakes recorded in other volcanic areas, we believe that
the scales presented should be applied routinely to the Campi
Flegrei local seismicity. Moreover, due to its volcanological
history, its geographic setting and its high degree of urbani-
zation, the Campi Flegrei caldera is potentially one of the
most high-risk volcanic areas in the world. Correct and reli-
able magnitude estimates are therefore necessary for quanti-
tative evaluations of the volcano dynamics and are more
urgent considering the recent episode of unrest that started
in 2004.
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