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Abstract. The definition of the network resolution power is
an important parameter to be considered when evaluating
most of the seismic analysis, being connected to the location
quality and earthquakes detectability.

We estimated the resolving power of the seismic network
of Campi Flegrei. The results show that the actual moment
magnitude threshold is 0.5 in the Solfatara area, center of the
caldera, but increases sharply going away from the center.

We also estimated the theoretical resolution power of the
actual seismic network of Campi Flegrei plus 5 hypothetical
borehole stations, moving the borehole stations into 3 differ-
ent wells. As expected, big improvements in the location pa-
rameters come from the use of borehole stations. The results
show that a 3000 m deep borehole located close to the actual
hypocentral area would allow to detect and locate the very
low magnitude earthquakes, probably connected to the hy-
drothermal system characterizing the Campi Flegrei caldera.

Finally, we performed an optimization analysis of the per-
manent seismic network of Campi Flegrei finding the best 3
station positions that would increase the resolution power of
the network to locate earthquakes in the South and offshore
part of the caldera. We evidenced that the actual network has
an improvable resolution in the South and West part of the
caldera.

1 Introduction

Seismic network resolution power analysis and optimization
are important procedures to understand and improve the data
quality before any seismological analysis. In particular, the
design of crucial networks, as the monitoring ones, needs a
careful plan to take into account different parameters and to
choose the best compromise using objective criteria.

Starting from the fundamental problem of seismic loca-
tion, the faster algorithm to solve it is based on the least
squares approach (Geiger, 1912). This algorithm can be used
to evaluate the a priori location resolving power of a seismic
network, as shown inDoufexopoulou and Korakitis(1992).

Minimizing the location error is the purpose of the seis-
mic network optimization and it is obtained by searching for
the network geometry which maximizes a certain function
describing the resolving power of a network on seismic lo-
cation (e.g.Steinberg and Rabinowitz, 2003, and references
therein). The criteria for the selection of the best geome-
try have been discussed by several authors (e.g.Rabinowitz
and Steinberg, 1990, 2000; Steinberg and Rabinowitz, 2003)
mainly with regard to the D-optimality principle. The selec-
tion of the best geometry is a complex procedure which in-
volves several constraints posed by the nature of the terrain,
the budget and the primary object of resolution power. The
fundamental point for the optimization process is the defi-
nition of experimental goals and constrains, as well as the
physical relationship between data and model parameters.

In this paper we estimate the resolution power of the seis-
mic network deployed in Campi Flegrei (Southern Italy) by
calculating the a priori error location in a volume. Succes-
sively, we applied the multiparametric optimization proce-
dure developed byTramelli et al.(2013) to plan the future
improvement of the network.

Testing and optimization analysis has been per-
formed on the seismic network of Campi Flegrei, the
high risk volcanic field West to the city of Naples.
This area is actually attracting geophysical and ad-
ministrative interest due to increase in ground uplift
rate (http://www.ov.ingv.it/ov/bollettini-campi-flegrei/
Bollettino_Flegrei_2012_12_21.pdf). This condition calls
for an improve in the monitoring seismic network that is
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actually poor in the South part of the caldera due to the high
cost of offshore seismic station installations.

2 Analysis of the resolution power of the Campi Flegrei
seismic network

The actual seismic network deployed at Campi Flegrei is de-
signed to detect and locate events with hypocenters at depths
of 2–3 km close to the Solfatara crater (Fig.1). Its moment
magnitude threshold is around 0.5 in the Solfatara-Agnano
area (D’Auria et al., 2011) with a vertical error of hun-
dreds of meters. Anyway events of lower magnitude are of-
ten recorded by the station SFT alone (Fig.1). This suggests
the presence of other low magnitude earthquakes in areas not
well covered by the actual network.

We analyze the theoretical resolving power on seismic lo-
cation of the actual seismic network of Campi Flegrei using
the linearized approach described inTramelli et al.(2013).

2.1 Resolution power of the actual seismic network

We consider the fourteen stations (Fig.1) of the perma-
nent INGV – Osservatorio Vesuviano seismic network of
Campi Flegrei. We simulated earthquakes of a given magni-
tude spanning a volume of 20×20×6 km3, with 1 km space,
centered in the caldera area, and tested the ability of the net-
work to locate these events.

The arrival times are calculated from each point of a grid
with steps of 0.25 km on the three directions, using the fi-
nite difference algorithm as proposed byLomax et al.(2000).
The travel times from each grid point to each seismic sta-
tions are then saved in travel-times tables. The 3-D veloc-
ity model used for the computation was derived from the
merging of two different tomographic models: the SERAPIS
model (Judenherc and Zollo, 2004) and the model proposed
by Battaglia et al.(2008). The obtained travel times were
added with a random Gaussian error with standard deviations
of 0.05, 0.1, 0.2, 0.4 or 1 s, inversely depending on the signal
to noise ratio (SNR) value recorded at each station; 0.05 s
is associated to a SNR higher than 4 and 1 s to a SNR be-
tween 2 and 2.5. The values are estimated to almost fit the
real resolution power of the network.

Synthetic data set for earthquakes of different magni-
tudes were built. Theoretical direct waves amplitude were
computed using the single corner frequency spectral model
of Boatwright et al.(1991). We assumed a stress drop of
0.5 MPa, as the average one determined by several authors
(De Natale et al., 1987; Del Pezzo et al., 1987), an av-
erage rock density of 2 g cm−3 and a rupture velocity of
1.35 km s−1 (Del Pezzo et al., 1987), as described inTramelli
et al. (2013). The displacement at the source is calculated
as the low frequency spectrum,�, divided by rupture time,
where� is calculated as a function of seismic moment as
described inDe Natale et al.(1987, p. 899). The amplitude

Fig. 1. The Campi Flegrei area, with the stations of the seismic
network of theCentro di Monitoraggioof Osservatorio Vesuviano
(black triangles). The stars DRI, MOF and WEL indicate the posi-
tions of the simulated borehole stations. The black dot indicate the
origin of the reference system used in the analysis. In figure both
the UTM coordinate in meters (left and bottom axes) and the rela-
tive coordinate in kilometers (right and top axes) are reported.

recorded at each station is calculated by attenuating this sig-
nal for the geometrical spreading and for the mean attenua-
tion estimated byPetrosino et al.(2008). The noise level at
each station was determined as the average amplitude of the
recorded noise.

Once the synthetic data set was built, we tested the sen-
sitivity of the network to seismic location in the chosen
volume. We evaluated the expected location errors on the
three coordinates and on the origin times from covariance
matrices. The error on the vertical component obtained for
MW = 0.5 earthquakes are shown in Fig.2a.

2.2 Resolution power of the network with downhole
stations

The high urbanization of the Campi Flegrei area poses seri-
ous constraints to the sites availability and to their noise level
which is influenced by anthropic, hydrothermal and marine
sources (Bruno et al., 2007).

A strong increase in the network sensitivity is then ex-
pected adding borehole seismic sensors characterized by sig-
nificantly lower ambient noise with respect to the surface
ones. The addition of borehole sensors would allow to locate
also the very low magnitude earthquakes. Downhole stations
have the advantage to be, usually, closer to the hypocenters
and to record seismic waves that do not cross the highly
attenuating shallower levels. Both intrinsic and scattering
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Fig. 2.Location errors (one standard deviation) on the vertical com-
ponent obtained for earthquakes withMW = 0.5. The plan view is
referred to the depth of 1 km. Black triangles represent the seismic
stations considered for the analysis. In(a) we show the errors com-
puted using the stations of the permanent seismic network. Panel
(b) show the errors computed using the actual network plus 5 sta-
tions located in a borehole at point DRI;(c) same as(b), but with
borehole stations located at point MOF;(d) same as(b), but with
borehole stations located at point WEL. A number of 5 seismic sta-
tions is considered in each borehole, respectively at depths: 0.25,
0.6, 1.1, 2.1 and 3.1 km b.s.l. Axes dimension are km.

attenuation have, indeed, their higher values close to the sur-
face. Consequently the SNR of downhole seismic records are
significantly higher with respect to the surface one (Malin
et al., 1988; Carter et al., 1991).

We tested the expected location error of the actual seismic
network of Campi Flegrei with the addition of 5 borehole
stations. Three different borehole locations are considered,
separately, for these simulations. The first one is the location
of a borehole drilled in the 80’s in the area of Mofete, West of
the Solfatara, by an Agip-Enel Joint Venture (AGIP, 1987);
we will refer to this well as MOF (see Fig.1). MOF is almost
3000 m deep and is actually closed and not instrumented. The
second location, referred as DRI, is where the pilot hole of
the CFDDP project has been drilled, East to the Solfatara, an
area which is not well resolved by the actual seismic network
(see Fig.1). The last one, WEL, is a simulated well located
close to the area of Solfatara, less than 5 km to the West,
in an area less populated than surroundings, where a scien-
tific borehole could likely be drilled and instrumented (see
Fig. 1). In each borehole, five sensors are considered at the
depths of 250 m, 600 m, 1100 m, 2100 m and 3100 m b.s.l.

To show the improvements that can be obtained adding
the borehole stations to the present network, we analyzed the
resolution power of the 3 seismic network:

1. actual seismic network (AN) plus 5 stations in DRI,

2. AN plus 5 stations in MOF,

3. AN plus 5 stations in WEL.

The appropriate noise level is associated with each surface
site. For each borehole site, the noise level has been lowered
with respect to the surface sites by a depth dependent ratio
extrapolated byCarter et al.(1991) that shows that the noise
recorded at almost 1000 m is about 3 dB quieter than the sur-
face one in the 3–6 Hz frequency band. The parameters are
used to define the SNR and hence the quality of the picks.

Results of these computations are shown in Fig.2b, c and
d.

2.3 Optimization of the network

We applied the method developed byTramelli et al.(2013).
This method analyses all the possible combinations of
station-sites, finding the best set of M sites for seismic station
installation among N possible choices. The optimal combi-
nation is chosen as the one that maximizes a set of assigned
conditions.

We applied the optimization method to determine the best
sites where to install 3 new seismic stations, in addition to
the actual seismic network of Campi Flegrei, to improve the
network location capability offshore. We applied the opti-
mization method to identify the best station sites to locate
7 assigned events. We considered the actual permanent seis-
mic network of Osservatorio Vesuviano (first 14 rows in Ta-
ble 1 and black triangles in Fig.3a) as initial network. Suc-
cessively we added 3 station sites chosen between a set of 29
station positions (black diamonds and blue circles in Fig.3a).
We chose these sites as the ones occupied by the mobile seis-
mic network of Osservatorio Vesuviano. We further added
the 15 downhole positions in the 3 hypothetical instrumented
wells (Fig.3) described above. Other 5 positions are chosen
as actually planned in incoming projects.

We considered 7MW = 1 synthetic hypocenters located in
the position shown by red stars in Fig.3a and indicated in
Table2. The synthetic earthquakes are located on the major
faults known in the offshore part of the caldera (Orsi et al.,
2009) where the offshore seismicity was mainly located dur-
ing the 1982–84 bradiseismic crises (D’Auria et al., 2011).
We assume them to be representative of the offshore local
seismicity.

In this case, 7*3654 networks (permutations of 3 stations
distributed over 29 sites times 7 earthquakes) have been
tested and the determinant of each permutation has been
saved. The choice among all the possible networks was made
by considering the weighted mean of the determinant ob-
tained for each earthquake, where the weight is associated
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Table 1.Locations of the seismic stations used for the analysis. The right columns show an indicative installation cost (euro) and the mean
seismic noise value around 10 Hz (µm s−1) used for the optimization analysis. The installation cost is an estimate performed taking into
account the market values for the Campi Flegrei area. The first group of stations (top 14 rows) has been used for the sensitivity analysis.
The second group represents the mobile seismic stations actually deployed in the Campi Flegrei area and the third group represents the other
possible station positions. The second and third group positions are all used as possible location in the optimization.

Name Latitude (N) Longitude (E) Elev. (m) Cost Noise

ARCO 40◦50.63′ 14◦5.60′ 0 0 1
ASE 40◦50.46′ 14◦9.55′ 100 0 0.5
CAP 40◦48.39′ 14◦11.54′ 170 0 1
CBAC 40◦48.58′ 14◦4.96′ 20 0 1
CMSA 40◦50.29′ 14◦10.91′ 0 0 0.5
CPIS 40◦49.75′ 14◦8.82′ 70 0 0.5
CSOB 40◦49.59′ 14◦8.64′ 180 0 1
DMP 40◦50.11′ 14◦6.85′ 50 0 0.5
MRUS 40◦51.75′ 14◦4.79′ 0 0 1
NIS 40◦47.92′ 14◦9.82′ 0 0 1
POZ 40◦49.26′ 14◦7.12′ 0 0 1
QUAR 40◦53.12′ 14◦9.34′ 0 0 0.5
SFT 40◦49.75′ 14◦8.39′ 10 0 1
STH 40◦49.78′ 14◦9.00′ 10 0 0.5

CFSB 40◦47.86′ 14◦07.19′ −100 200 000 1
CDIO 40◦49.17′ 14◦11.01′ 150 9000 1
OMN2 40◦50.00′ 14◦05.42′ 40 9000 1
TAGG 40◦49.76′ 14◦10.42′ 0 9000 1
ASB2 40◦50.61′ 14◦08.75′ 10 9000 0.5
CSI2 40◦50.04′ 14◦07.61′ 90 9000 1
AMS2 40◦49.58′ 14◦09.62′ 40 9000 0.5
BGNG 40◦49.13′ 14◦08.72′ 0 9000 1
CPBN 40◦48.47′ 14◦09.56′ 0 9000 1

CFS1 40◦48.37′ 14◦09.09′ 0 100 000 1
CFS2 40◦50.13′ 14◦06.82′ −20 100 000 1
CFS3 40◦50.13′ 14◦06.82′ −40 100 000 1
CFS4 40◦50.13′ 14◦06.82′ −60 100 000 1
FAR0 40◦50.13′ 14◦06.82′ 20 10 000 1
DRI1 40◦48.73′ 14◦10.39′ −250 500 000 0.3
DRI2 40◦48.73′ 14◦10.39′ −600 1 000 000 0.2
DRI3 40◦48.73′ 14◦10.39′ −1100 2 000 000 0.1
DRI4 40◦48.73′ 14◦10.39′ −2100 6 000 000 0.1
DRI5 40◦48.73′ 14◦10.39′ −3100 8 000 000 0.1
MOF1 40◦49.48′ 14◦04.15′ −250 500 000 0.3
MOF2 40◦49.48′ 14◦04.15′ −600 1 000 000 0.2
MOF3 40◦49.48′ 14◦04.15′ −1100 2 000 000 0.1
MOF4 40◦49.48′ 14◦04.15′ −2100 6 000 000 0.1
MOF5 40◦49.48′ 14◦04.15′ −3100 8 000 000 0.1
WEL1 40◦50.13′ 14◦06.82′ −250 500 000 0.3
WEL2 40◦50.13′ 14◦06.82′ −600 1 000 000 0.2
WEL3 40◦50.13′ 14◦06.82′ −1100 2 000 000 0.1
WEL4 40◦50.13′ 14◦06.82′ −2100 6 000 000 0.1
WEL5 40◦50.13′ 14◦06.82’ −3100 8 000 000 0.1

with the importance of the earthquake location. We applied
an equal weight to all the events as we are looking for a net-
work which well resolves the offshore part of the caldera.
We looked for the network associated to the maximum of the
mean of determinants and the results are shown in Fig.3.

3 Results

The results of the testing of the Campi Flegrei seismic net-
work are shown in Fig.2.
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Table 2. Locations of the synthetic hypocenters used in the net-
work optimization, earthquakes are indicated with stars in Fig.3.
The synthetic earthquakes have moment magnitude equal to 1.

Event Latitude (N) Longitude (E) Depth
number (m a.s.l.)

1 40◦49.79′ 14◦5.39′ −1000
2 40◦49.17′ 14◦6.53′ −2000
3 40◦48.04′ 14◦8.60′ −3000
4 40◦49.05′ 14◦4.96′ −1000
5 40◦48.28′ 14◦7.12′ −3000
6 40◦48.52′ 14◦5.87′ −2000
7 40◦47.66′ 14◦9.15′ −3000

Figure2a shows the contours of the expected location er-
rors onz (depth error) in the considered volume where the
earthquakes are distributed on a grid with1x = 1y = 1z

spacing of 1 km.
The resolution is high in the central area of the caldera

(Solfatara area) but decreases rapidly with distance, reaching
considerably degraded values only 2 km from the center. It is
also evident that the offshore part of the caldera is not well re-
solved by the actual network. The analysis confirm the actual
location threshold of the seismic network which is estimated
around magnitude 0.5 in the area of Solfatara (D’Auria et al.,
2011).

Figure 2b, c and d show the expected vertical error ob-
tained using the permanent seismic network plus 5 stations
in the well DRI (Fig.2b), MOF (Fig.2c) and WEL (Fig.2d).
It is evident that the presence of borehole stations improves
the network resolution power. Obviously the presence of 5
additionally stations in the network lower the location error
because of the increased number of sensors and because the
lower they are installed the lower is their background seis-
mic noise. Their spacing influence the location error only if
the polarization information are introduced into the inversion
process (Tramelli et al., 2013). In the three cases the well re-
solved area becomes wider, in particular with the wells WEL
and DRI that are located in areas that are not well covered by
the actual network. Anyway the offshore part of the caldera
remains still unresolved.

The application of the sensitivity analysis is fundamen-
tal to calibrate all the parameters used in the analysis which
will be kept in the optimization analysis. In Fig.3b we re-
port the optimal network to localize the 7 earthquakes (red
stars in Fig.3a). The network includes the 14 stations of the
actual permanent seismic network plus 3 station positions
chosen within 29 possible positions. A network optimiza-
tion performed by the comparison of all possible configu-
rations has the advantage to allow a cost-benefit analyses. In
this case, for each station we considered the cost reported in
Table 1 as the estimated costs for the sensor purchase, in-
stallation and maintenance. In this example we show that we
have at least 3 network configurations which are close to be

Fig. 3. Results of the optimization analysis performed considering
the sites shown by black diamonds and blue ball in panel a and de-
scribed in Table1. Black triangle show the stations of the permanent
seismic network. The blue circles indicate the position of the 3 wells
where 5 station depths are considered (DRI, WEL and MOF). Panel
(b) shows the result obtained by choosing the 3 stations (among
29 possible ones, black diamond) that would optimally improve the
present network of Campi Flegrei (black triangles) for the location
of the 7 earthquakes indicated by the red stars and listed in Table2.
The optimal network is composed by the permanent seismic net-
work plus MOF1, CFSB e FAR0. In(c) we show a cost-to-benefit
analysis performed including the installation costs (Table1) in the
list of parameters to be optimized.

optimal. In Fig.3c we show the cost-determinant function.
Looking for the higher determinants, we can choose the one
with an affordable cost. Fortunately the best configuration
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(permanent network plus stations CFSB, MOF1 and FAR0)
is also not one of the most expensive: 710 000 euros. The
other 2 networks are composed by the permanent network
plus CFSB and FAR0 and station MOF2 or MOF3. These 2
networks will have the advantage to record also lower mag-
nitude events having a lower estimated noise level, but this
network improvement will be achieved with a higher effort
in terms of costs. It is clear that the network needs a better
coverage in the West and South part of the caldera.

4 Conclusions

In this work we analyzed the resolution power of the perma-
nent seismic network of Campi Flegrei. The resulting sensi-
tivity, computed with both the methods, depends on the earth-
quake magnitude, on the network configuration, and on the
noise level of the station sites. Also the quality of the velocity
model strongly affects the location quality, but in this meth-
ods, it influences only the theoretical travel time errors which
depend on the event-station distance.

Results obtained in this study clearly indicate the strong
improvement in seismic location quality obtained by adding
even a single vertical line of borehole seismic sensors
(Fig. 2b, c and d). In the Campi Flegrei area, such improve-
ments would help in identifying and locating the very low
magnitude earthquakes that are probably connected to the
hydrothermal system characterizing the central part of the
caldera.

Successively, we looked for the station positions that
would improve the Campi Flegrei network resolution off-
shore. The field experience in the highly populated area of
Campi Flegrei taught us that a limited number of stations po-
sitions is available. The areas where seismic station can be
installed are often municipal properties, as schools. Conse-
quently, in such a case, it is better to analyze any single net-
work combination to take the best advantage from the limited
possibilities. We tested all the possible configurations of sta-
tions position within a discrete space. The network quality is
defined using the determinant of the inverse of the covariance
matrix.

In this example we optimized forMW = 2 earthquakes,
finding that the network needs a better coverage in its South
and West part. It is evident that by lowering the magnitude
of the earthquakes, the choice of the sites will be constrained
to the closest ones, because in the more distant sites the SNR
will be too low.

This optimization method was developed to work also for
multiparametric networks. The Campi Flegrei volcanic field
calls for different monitoring parameters: seismicity, ground
deformation, chemical fumarolic composition and cost. The
site arrangement requires money and time, consequently a
single site is used for different stations sharing the same en-
ergy supplies and data transmission equipments. In this ex-
ample we took into consideration the cost parameter. In this

case we notice that the use of expensive borehole stations is
not necessary if we want to locateMW = 2 offshore earth-
quakes; the analysis will obviously change when we will
lower the earthquake magnitude and will include also the po-
larization information to the location algorithm. This method
allows to discriminate, in an objective way, between different
configurations of multiparametric networks.
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