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ABSTRACT

We have analyzed the recent seismicity of Mt. Vesuvius, with particular
emphasis on the period 1999-2012. Since 1972 continuous observations
with electromagnetic seismometers allowed the compilation of a detailed
earthquake catalogue for the station OVO. Furthermore since 1999 an-
other, more complete, catalogue for the station BKE, closer to the crater, is
available. The Gutenberg-Richter distribution of magnitudes shows a
temporal decrease of the b-value since 1985, with current values close to
1.0. The temporal pattern of the strain release shows a non-stationary be-
havior with periods of increased release rates (as in 1989-1990, 1995-1996
and 1999-2000). The spatial distribution of the seismicity consists in two
main seismogenic volumes, one with hypocenters clustered below the Mt.
Vesuvius crater at depths mostly between 1-6 km, and another with
hypocenters clustered within the Gran Cono volcanic edifice, with depths
above the sea level. We compare the statistical properties of the seismic-
ity occurring within these two volumes and their spatial and temporal
patterns. Moreover we analyze the statistical distribution of focal mech-
anisms for each volume. Our results point to gravity-induced stresses as
the source of the shallow seismicity and of a combined effect of crustal
heterogeneities, regional stress and hydrothermal dynamics for the deeper
seismicity. Finally we discuss possible future developments of the seismic

monitoring system in the light of the past and current seismicity.

1. Introduction

Studying the seismicity of Mt. Vesuvius has an im-
mediate application to the monitoring of this high risk
volcano [Orsi et al. 2003, De Natale et al. 2006], but has
also an intrinsic scientific interest in understanding the
seismicity of a quiescent volcano.

Seismic observations at Mt. Vesuvius started in the
second half of the 19th century on the behalf of Luigi
Palmieri, director of the Osservatorio Vesuviano (from
1855 to 1903). After the last eruption of Mt. Vesuvius in
1944, the seismicity dropped to low rates (less than 50

events/year). In 1964 it was observed a marked increase
in the background volcano-tectonic seismicity [Giudi-
cepietro et al. 2010]. Currently, at the reference station
OVO (Figure 1), we observe occurrence rates usually
higher than 100 events/year with peaks of more than
600 events/year (in 1996 and 1999).

The permanent seismic network of Mt. Vesuvius
(Figure 1) consists of 8 short period 1C, 3 short-period
3C and 9 broadband stations [Orazi et al. 2013]. This
network is complemented by temporary stations and
by a permanent seismic array. It records hundreds of
seismic transients every year, both of natural and arti-
ficial origin. They are manually detected and classified
on the basis of their type [lannaccone et al. 2001, Espo-
sito et al. 2013]. Earthquakes are manually picked and,
if there are enough seismic phases, they are also lo-
cated. All the hypocentral parameters and their wave-
forms are stored in a relational database.

2. Time series analysis

Currently two earthquake catalogues are available
for Mt. Vesuvius. The first starts in 1972, ends in June
2012, and contains all the events detected by the OVO
station (Figure 1). This station operated almost contin-
uously (> 99%) during the whole period. This catalogue
consists in more than 10,500 events, with duration mag-
nitudes (M) [Vilardo et al. 1996] ranging from —0.4 to
3.6. In Figure 2 we represent the Gutenberg-Richter
(GR) distribution for this dataset. The experimental dis-
tribution has been analyzed using the sofware ZMAP
[Wiemer 2001] and the inferred b-value is 1.66 * 0.03
while the magnitude completeness (M) is 1.9 + 0.1.

In Figure 3 we represent the temporal distribution
of magnitudes, the event occurrence rate, cumulative
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Figure 1. Map of the Vesuvius permanent seismic network. Circles: short-period 1C stations; Triangles: short-period 3C stations; Diamonds,
broadband stations. The Vesuvius permanent array is indicated by a cross. Stations BKE and OVO are evidenced in red. Structural features
are taken from: Vilardo et al. [1996], Bianco et al. [1998], Orsi et al. [2003].

Benioff strain release [Benioff 1951], the b-value and the
M.. The most striking features are the 4 episodes
(marked by the arrows in Figure 3) of increased strain
release rate, occurrence rate and event magnitude
[Bianco et al. 1999, Capuano et al. 1999, De Natale et al.
2001]. These episodes occurred in 1978-1980, 1989-1990,
1995-1996 and 1999-2000. During the last one, a M=3.6
event was recorded on October 9, 1999. This event, the
strongest since the last Mt. Vesuvius eruption in 1944
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Figure 2. Gutenberg-Richter relationship for the OVO catalogue.
The x-axis is the magnitude while the y-axis represents the cumula-
tive number of events. Triangles are the experimental data while
the solid line is the theoretical relationship with a = 6.32 and b =
1.66. The line starts at M, = 1.9.

[Del Pezzo et al. 2004, Giudicepietro et al. 2010], and
was widely felt in the Mt. Vesuvius area, reaching a
macroseismic intensity of VI MCS at the epicenter
[Cubellis and Marturano 2002]. The highest observed
occurrence rate is about 700 events/year, in 1999.

The temporal variation of the b-value and of M_has
been computed on groups of 100 adjacent events, with
an overlap of 25 events. It shows an overall decreasing
trend over the whole period, in particular after 1985. This
feature was already identified in previous studies [Ian-
naccone et al. 2001, Zollo et al. 2002b, De Natale et al.
2004]. Here we focus the attention on the period 1999-
2012, when the b-value seems to be stable around a value
of about 1.1. The temporal variation of M_shows a gen-
eral decrease, starting from about 2.0, until 1995 and
reaching currently values of about 1.3. This could be re-
lated to the transition from analog to digital recording
systems [Giudicepietro et al. 2010, Orazi et al. 2013].

The second catalogue contains the events detected
by the BKE station (Figure 1). This catalogue starts in
1999, ends in June 2012, and consists in about 10,000
events, with magnitudes ranging from —1.6 to 3.6. As
for OVO, BKE station operated almost continuously
(> 99%) during this period. Giudicepietro et al. [2010]
pointed out by that the differences observed between
the OVO and BKE catalogues are related to the peculiar
seismicity pattern of Mt. Vesuvius. Since most of the
earthquakes occur close to the crater axis, the smallest
and shallowest earthquakes are recorded only by the
station BKE, which is about 1 km from the crater, while
the station OVO is about 2.5 km away.
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In Figure 4 we show the GR distribution for the
BKE catalogue. The distribution seems to have at least
two knees, suggesting that it results from the superpo-
sition of two different GR distributions.

We have studied the observed distribution by com-
paring two alternative models. In the first (A) we hy-
pothesize a simplified model:

1 _|ar=b (m—M,) ifm <M,
0goN(m) = a —b (m—M,) ifm=>M, M

where m is the magnitude and b* < b. This distribution is
a simplified model of a statistically homogeneous earth-
quake population. Before the magnitude completeness
M, the curve has a lower slope b*, because of the cata-
logue incompleteness. The actual b-value of the distri-
bution is given by b. The definition of the parameter a*
differs slightly from the commonly used parameter a of
the GR distribution: it represents the intercept of the dis-
tribution at m = M._. In the second (B) we hypothesize
that the observed data are modeled by a a generalization
of the standard GR distribution. This distribution con-
sists in the sum of two of the previous model distribu-

o) 1975 1980 1985 1990 1995 2000 2005 2010
S 49 f 7 A . A . A !
< 33
25
8 2.0
5 15
2 10
= 05
c 00
D -05
® -1.0
s 1000
—
®©
(0]
>
~
>
~~~ LIJ
N
=
=
=
<
©
—
£
®© o
= 3.0
0 g 25
o 0 -
R A F20 o
o N . .
N 0... (4 .M'.. | 15
| U0 YETRER L oo R
0.5
25 ! ! ! ! ! !
2.0 +
1.5 2oge™ * Soumooest “ ey VN L
§ I A1) o o..”:“... i
0.5 +
0.0 L

1975 1980 1985 1990 1995 2000 2005 2010
Year

Figure 3. Time series for the OVO catalogue. The first panel shows
the event magnitudes while the second one the number of events
for each year. The superimposed black histogram represents the
number of events having M > 2.0, which is the maximum value of
M_ in the bottom panel. The third represents the cumulative Benioff
strain release. Arrows indicate episodes of increased release rate.
The fourth panel shows the temporal variation of the b-value. Ver-
tical error bars indicate the 1 o uncertainty. The last panel shows
the M_ values with their 1 o error bars.
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Figure 4. Gutenberg-Richter relationship for the BKE catalogue.
Triangles are the experimental data. The dashed lines represent
the two theoretical distributions while the solid line is their sum
(see Section 2 for details). The b-value of the first distribution is b =
1.17 £ 0.06 while M_ = 0.0 % 0.12. For the second distribution b =
1.45 £ 0.25 and MC =1:91 _ 0:07.

tions, hence possessing two distinct M and b.

Using a non-linear probabilistic approach, we have
fitted the data using these two alternative models. To
compare the two models we have used the y? to test
the normality of residuals and the Kolmogorov-Smirnov
test to check the goodness-of-fit. Results (see Table 1)
show that both models provide a reliable fit even if,
both tests, show that the double distribution (B) gives a
better fit. This is also confirmed by the Akaike Infor-
mation Criterion (AIC) [Akaike 1974], which provides a
helpful means for model selection. AIC values for model
B are lower compared to model A (see Table 1). The dif-
ference in the AIC values between the two model is
43.88, giving a negligible relative likelihood for model A
compared to model B. This strongly supports model B,
or in other words that the observed distribution results
from the contribution of two distinct fault populations
characterized by different statistical properties. In Table
2 we report the best fit values for both models along with
their confidence intervals computed using the approach
of Jackson and Matsu’ura [1985]. In the model B, the first
distribution (B1) hasb = 1.17 + 0.06 and M_ = 0.0 + 0.12
while the second (B2) has b = 1.45 £ 0.25 and M =
1.91 £ 0.07. The higher uncertainty on the determina-
tion of the b-value of B2 is caused by the more limited
number of data (earthquakes with higher magnitudes)
which makes this parameter poorly constrained. In
Figure 4 we represent the two theoretical distributions
B1 and B2 (dashed lines) and their sum (solid line) com-
pared to the observed overall distribution.
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2 p-value KS AIC
A 0.2289 0.351 -65.36
B 0.9477 0.188 -109.24

Table 1. Statistics on the two models tested (A and B). The first
colums shows the p-value resulting from a yx* test. In both cases it
shows that the normality of residuals can be accepted for a statisti-
cal significance of at least 5%. The second column shows the ratio
between the critical values at a significance level of 5% and the re-
trieved Kolmogorov-Smirnov statistics. Since both values are lower
than 1 the goodness-of-fit is achieved by both models. The third col-
umn shows the AIC value for the two models.

b b M, @
A 1.504£0.085 0.51+0.10 1.54%£0.06 3.02%0.14
B1 1.17£0.06  0.00£0.21 0.00+£0.12 3.72%0.15
B2 1.45+0.25 0.51%£0.37 1.91%0.07 2.34%0.12

Table 2. b-value and M, for the two models. See Section 2 for details.

In Figure 5 we show the temporal distribution of the
parameters for the BKE catalogue. The event occurrence
rate has a maximum in 1999 with about 2000 events/ year.
In the following years the rate dropped, reaching a min-
imum in 2004, with about 400 events/year. In the last
10 years the average occurrence rate at BKE station is
about 500 events/year.

The strain release rate (Figure 5) shows a marked
increase during the 1999-2000 crisis. Conversely, since
2002 it shows an almost stationary, low rate. As for
the OVO catalogue, also the temporal variation of the
b-value since 1999, does not show significant trends and
is almost stationary with an average value of 0.7. The
M_ too, does not show relevant variations.

3. Earthquake locations

We have located the earthquake dataset using a
probabilistic approach in a 3D velocity model [Lomax
et al. 2001]. The velocity model used in this work con-
sists in a weighted average of three models [D’Auria et
al. 2008]. The first model comes from the active seismic
experiment TOMOVES96 [Lomax et al. 2001, Zollo et
al. 2002a], the second from a local earthquake tomog-
raphy [Scarpa et al. 2002] and the third from a regional
1D model [Improta et al. 2000]. Details about the merg-
ing procedure can be found in D’Auria et al. [2008].

We have relocated events recorded from 1999 to
2000. Among the whole traveltime dataset we were able
to locate about 2,400 events having at least 5 phase pick-
ings. All the events belong to the BKE catalogue with
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Figure 5. Time series for the BKE catalogue. The meaning of the
symbols is the same as for Figure 3. The superimposed black his-
togram represents the number of events having M > 0.5, which is
the maximum value of M, in the bottom panel. The arrow indicates
the step in the cumulative strain release related to the October 9,
1999, (M=3.6) event.

about 43% of them belonging also to the OVO catalogue.

Their hypocenters are shown in Figure 6. Most of
the epicenters are located within a radius of 3 km from
the crater axis. Depths are distributed from about 8 km
up to an elevation of 1 km above the sea level (a.s.l.). It
is interesting to note that the maximum event depth co-
incides with the inferred top of the Mt. Vesuvius magma
chamber [Auger et al. 2001].

In the two cross-section (Figure 6) it can be seen
that earthquakes are grouped in at least two clusters.
The first spans mainly the interval between 1 and 5 km
depth, while the second is located above the sea level. It
should also be noted that earthquakes occurring within
the shallow cluster have, generally, lower magnitudes
(M < 2.8) compared to the deeper events.

Hypocentral depths of the deeper cluster are con-
sistent with values determined in previous works re-
garding the interval 1986-1999. In particular Vilardo et
al. [1996], using a dataset of 172 events, showed how
during the period 1986-1994 the moment density dis-
tribution had two maxima, one at about 4 km depth
and another just below the summit of the volcano [see
Vilardo et al. 1996, fig. 4c]. Capuano et al. [1999] located
about 200 events recorded in the period 1989-1995.
They found a concentration of hypocentral depths be-
tween 2 and 6 km. Bianco et al. [1999] analyzed the seis-
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Figure 6. Earthquake hypocenters for the 1999-2012 interval. The top left panel shows earthquake epicenters for events whose location un-
certainty (ERH and ERZ) is less than 1 km. The size of simbols is proportional to the event magnitude (see the legend on the lower right).
The plot on the left shows hypocenters projected on a NS cross-section, while the lower plot shows an EW cross-section.

micity during two seismic crises occurred at Mt. Vesu-
vius between August-October 1995 and March-May
1996. They located about 600 events showing that, their
hypocentral depths, are distributed mostly between 1
and 4 km. Finally, Zollo et al. [2002b] relocated a dataset
of 400 events recorded in the period 1989-1998, show-
ing a concentration of hypocenters between 1 and 5 km
depth.

Even if hypocenters occurring within the shal-
low cluster were already identified by Vilardo et al.
[1996] and Bianco et al. [1998], most of the previous
papers, dealing with hypocenter location at Mt. Vesu-
vius, focused mainly on the deep seismicity linked to
seismic crises.

4. Strain release

In order to better delineate these two volumes
we plot in Figure 7 the spatial distribution of the
strain release. Panel A shows the strain release inte-
grated along the vertical direction. It can be seen that
most of the strain release occurs within an area of
about 1 km?. In the panel B the strain is integrated
along the EW direction, while in panel C along the
NS direction. The cross sections clearly delineate the
two seismogenic volumes. The first has a peak at a
depth of about 2 km and extends between 1 and 7 km.

The second has a peak between 0.5 and 1 km a.s.l.
The isolated spike indicated by the arrows is relative
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Figure 7. Cumulative strain release. In A we represent the strain re-
lease integrated along the vertical direction. In B the integration is
performed along the EW direction while in C along the NS direc-
tion. The arrows point to a strain release spike related to the Octo-
ber 9, 1999, (M=3.6) event. The grids used in the plots are equally
spaced with an interval of 500 m.
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lease spike related to the October 9, 1999, (M=3.6) event.
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Figure 9. Gutenberg-Richter relationship for located earthquakes.
Triangles are experimental data for events located a.s.1. while circles
are for the deeper events. The theoretical relationship for triangles
has parameters b = 1.01 and a = 3.6 with M_ = 0.9. For the circles the
parameters are b=1.26,a=4.55and MC =1.7.

to the October 9, 1999, (M=3.6) event, located at about
5.6 km depth.

We have already analyzed, in Figures 3 and 5, the
temporal variation of the strain release rate. In Figure 8
we represent the strain release as a function of both
time and depth. In panel B it can be seen that, until
2002, the strain was released mostly by the deeper vol-
ume while, since then, most of the strain has been re-
leased within the shallow volume. Panel C shows the
strain release as a function of depth. This graphic shows
unambiguously that a zone of very reduced strain re-
lease occurs between the shallow and the deep seismo-
genic volumes. The separation between the two volumes
is located at a depth of about 1.0 km.

Moreover, the curve of panel C, has a clear asym-
metry in the part below 1 km depth. It increases sharply
and then slowly decays with depth.

5. B-value analysis

To characterize the seismogenic processes occur-
ring within the two volumes we have studied the spatial
distribution of the b-value. In Figure 9 we plot the GR
distribution for events located since 1999, separately for
the shallow cluster (triangles) and for the deep one (cir-
cles). The b-value for the shallow cluster is 1.01 & 0.05,
while for the deep is 1.26 + 0.08. The respective M_are
0.9 = 0.15 and 1.7 + 0.1. The GR distribution for the
BKE catalogue (Figure 4), discussed in Section 2 can
now be justified in terms of a superposition of two dis-
tributions related to two different seismogenic volumes.
The shallow volume seems to correspond to the first
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Figure 11. Focal mechanisms for 195 events. Beach-balls are projected on the horizontal plane (top left ), on a NS cross-section (top right)

and on a EW cross-section (bottom).

distribution (having b =1.17 + 0.06 and M_ = 0.0 £ 0.12)
while the deep volume to the second distribution (with
b=1.45%0.25and M.=191 + 0.07).

A more clear understanding of the spatial distri-
bution of the b-value can be seen in Figure 10. This fig-
ure shows the b-value along two orthogonal cross
sections (EW and NS) intersecting on the Mt. Vesuvius
crater. For each point we have computed the b-value
and its uncertainty, using all the events located within a
radius of 2 km from the point itself. Points are regularly
spaced on a 3D grid with a spacing of 0.5 km. Only vol-
umes containing at least 30 events have been used. The
uncertainty in the b-value estimate increases for depths
higher than 3 km because of the decreasing earthquake
spatial density (Figure 10).

Both the EW and the NS cross sections show sim-
ilar patterns. Above the sea level the b-value varies be-
tween 0.7 and 1. It increases with depth, showing a
maximum value of about 1.5, at 1 km depth. Below this
depth, it decreases steadily, reaching a value of about
0.6 at 6 km depth. It should be noted that the b-value es-
timates are poorly reliable below 4 km (Figure 10).

The spatial distribution of the b-value seems to in-
dicate a difference in the seismogenic processes be-
tween the two volumes and a variation within the deep
volume itself. In particular this analysis confirms that
the shallow volume is characterized, on average, by a

lower b-value compared to the deeper volume. Fur-
thermore the correct determination of the spatial dis-
tribution of the b-value is fundamental in seismic risk
studies [Convertito and Zollo 2011].

6. Focal mechanisms

We have computed focal mechanisms for events
having at least 8 P-wave polarities. This subset consists
in 197 events, with magnitudes ranging from 1.8 to 3.6.
Focal mechanisms have been computed using the
FPFIT software [Reasenberg and Oppenheimer 19857.

In Figure 11 we show the mechanisms projected
on the horizontal plane and along two NS and EW
cross-sections. They do not seem to have a clear pref-
erential orientation, neither a predominant fault type.
This can be seen more clearly in Figures 12 and 13. The
first figure shows the fault type classified on the basis
of the rake angle (Aki and Richards [2002] convention).
The panel A is for events located a.s.1. It shows a dom-
inance of strike and reverse mechanisms. In panel B the
histogram refers to events located below the sea level.
In this case the mechanisms are almost equally distrib-
uted among all the fault types.

In Figure 13 we represent also the azimutal dis-
tribution of fault strike angles, separately for shallow
and deep events. Shallow events show a marked pre-
dominance of WNW direction, while for deep events
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Figure 12. Distribution of rake angles for the mechanisms of Fig-
ure 11. In A we represents rake angles of events located a.s.l. while
in B the same for the other events.

the preferential direction is ENE. Both directions are
compatible with the faulting pattern observed at re-
gional and local scales (see structural features delin-
eated in Figure 1) [Vilardo et al. 1996, Bianco et al.
1998, Orsi et al. 2003].

To better understand the relationship between the
faulting pattern and the stress field we plot in Figure 14
the tension, the neutral and the pressure axes of the
focal mechanisms for shallow and deep events. In both
cases the pattern is quite scattered. For deep events
there seems to be a concentration of P axes in the SE
sector of the graphic. This direction is compatible with
the regional stress field retrieved from GPS measure-
ments and borehole breakout data [Barba et al. 2010,
Pierdominici et al. 2011].

7. Discussion

The results presented in the previous sections high-
light at least 3 important features of the recent seis-
micity at Mt. Vesuvius.

The first is the presence of two main seismogenic
volumes: one located between 1 and 7 km, and another
between 0.5 and 1 km a.s.l. The strain release of the deep
volume occurs mostly between 1 and 3 km (Figure 8).

The second is that the deep volume is character-
ized, on average, by a higher b-value compared to the
shallow one (1.26 versus 1.01) (Figure 9). However it

W

Figure 13. Rose diagram showing the distribution of strike values
of the focal mechanisms. The graphic on the top is for events lo-
cated a.s.l. while the one on the bottom is for the other events. Each
sector is 15° wide and the outer edge of the graphics corresponds
to a value of 10 events for the top and 30 for the bottom.

should be noticed that the b-value varies with depth
within this volume, ranging from 1.5 at 1 km depth to
0.6 at 6 km depth. This trend is similar to the strain re-
lease pattern (Figure 8) which, for the deep volume,
starts at 1 km depth, reaches a maximum at 2 km depth
and then decreases, becoming almost null at 7 km
depth. The similar patterns suggest the existence of a
relationship between these two parameters and their
link with the seismogenic processes. A similar pattern
was also evidenced by Del Pezzo et al. [2004], which
showed how the stress drop of shallow earthquakes
(< 2.6 km) is lower (around 1 bar), while for deeper
earthquakes (> 4 km) is higher (10 bar), reaching a max-
imum value of about 100 bar for the October 9, 1999,
(M=3.6) event.

The third observation is that the focal mechanism
distribution is different within the two volumes. In the
shallow volume it does not show a dominant orienta-
tion of P and T axes. This, together with the almost sta-
tionary strain release within this volume (see Section
4), suggests that the contribution of gravitational
stresses may be an important factor for the seismogen-
esis within this volume. Actually, the concentration of
shear stresses along the slopes of a relief, has been as-
sessed using both analytical and numerical approaches
[Martel and Muller 2000]. Furthermore, the the low
values of the lithostatic load, existing at shallow depth,
favours the occurence of shear failure [Russo et al.
1997]. In this case the orientation of P and T axes would
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Figure 14. Stereographic plots of tension (T), neutral (N) and pressure (P) axes for the focal mechanisms of Figure 11. The graphics on the
top represent data for events located a.s.l. while those on the bottom are for the other events.

be strongly dependent on the topography, hence justi-
fying the absence of a clear dominant orientation. To
support this hypothesis we also notice that the meas-
urement of ground deformation at Mt. Vesuvius have
shown a long term trend of downward and radially out-
ward motion [Lanari et al. 2002]. This pattern has been
interpreted as the result of a slow spreading of the vol-
canic edifice under the effect of the gravitational load-
ing [Borgia et al. 2005]. The clayey ductile layer identified
by Borgia et al. [2005] and responsible of the spreading
roughly concides with the level of reduced strain re-
lease, separating the two seismogenic volumes. This
suggests that it could be also related to observed vol-
ume of reduced strain release existing between 0.5 km
a.s.l. and 1 km depth (Figure 8).

Concerning the deep volume, various hypothesis
about the seismogenic mechanism have been pro-
posed. Bianco et al. [1998] suggested a dominant role
of the regional stress field, while De Natale et al. [1998]
proposed that a local crustal heterogeneity (in particu-
lar a central high rigidity body) plays a significant role
in the seismogenesis. The analysis of focal mecha-
nisms, indicates that both mechanisms could act si-
multaneously. The P axes distribution (Figure 14)
shows a prevalence in the SE sector, even if with a sig-
nificant scattering. This seems to suggest that, focal
mechanism at Mt. Vesuvius, result from the superpo-
sition of a regional stress field and local perturbations

induced by the complexity of the volcanic structures.

However, these two factors are not able to justify
the observed temporal patterns in the strain release
(Figures 3 and 5) and in the time-depth-strain relation-
ship (Figure 8). On other active volcanoes, like Campi
Flegrei (see D’Auria et al. [2011], and references
therein), a causal link has been established between
episodes of magmatic fluid injection in the hydrother-
mal system, and an increase in the seismicity.

A connection between the Mt. Vesuvius hydrother-
mal system and seismogenesis has been already recog-
nized by Madonia et al. [2008] and Caliro et al. [2011]. In
particular, the latter work, points to a deep magmatic ori-
gin of fluids perturbing the shallow hydrothermal sys-
tem, which feeds the Mt. Vesuvius crater fumaroles. They
also recognized significant variations accompanying the
1999-2000 seismic crisis. In their model the hydrothermal
systems host a high-temperature (T = 450°) reservoir of
NaClrich brines, at depth approximately between 2.5 and
5 km. The position of the top of this reservoir is consis-
tent with the area of highest strain release. The higher b-
values found at these depths (Figure 10) are consistent
with the presence of high pore pressure. In other volcanic
system high b-values have been interpreted as a possi-
ble evidence of proximity to a magma chamber [Power
et al. 1998, Wiemer et al. 1998]. However, at Mt. Vesu-
vius, there is no evidence of shallow magma chambers
[Zollo et al. 2002a]: a possible magma layer has been
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recognized only at about 8 km depth [Auger et al. 2001].

From a seismological point of view, indirect evi-
dences of the role of fluids is given by the analysis of
short-term statistical properties of the seismicity. At a
global scale the seismicity of Mt. Vesuvius has statisti-
cal features similar to tectonic earthquakes [Bottiglieri
etal. 2009]. However, Godano et al. [1997] and Zollo et
al. [2002b], using different approaches, have shown that
at a smaller time scale the seismicity of Mt. Vesuvius is
clustered, showing a dominant tendency of earthquakes
to occurr within seismic swarms. This is a common fea-
ture of the seismicity observed in volcanic areas [Zollo
et al. 2002b] and in general the occurrence of seismic
swarms can often be explained in terms of pore pres-
sure driven processes [Yamashita 1999].

Another indirect evidence of the role of fluids was
given by Pandolfi et al. [2006] which, using coda-wave
interferometry, detected velocity variations preceeding
and following the 1999-2000 crisis. They interpreted
that variation as the effect of a fluid pressure increase
before the crisis and its subsequent drop.

All these evidences point to a tight link between
the dynamics of the hydrothermal system and the spa-
tio-temporal pattern of the seismicity. Concerning the
temporal decrease in the b-value between 1985 and
1999, Zollo et al. [2002b] proposed that it could be re-
lated to a decrease in the pore pressure. They observed
that the b-value decrease has been accompanied by a
progressive decrease in the temperature of Mt. Vesu-
vius fumaroles.

The increase of the seismicity, observed in 1978-
1980, 1989-1990, 1995-1996 and 1999-2000, could be ex-
plained as the results of the injection of fluid batches,
of magmatic origin, at the bottom of the hydrothermal
system. The upward migration of these fluids can be
the cause of the pore pressure increase and consequently
of the seismicity. A similar mechanism has been ob-
served in the recent dynamics of Campi Flegrei caldera
[D’Auria et al. 2011].

The vertical variation of the thermodynamical
properties of the hydrothermal system could also ex-
plain the observed variations of the strain release, the
stress drop and the b-value with depth. It may be justi-
fied by a decrease of the pore pressure with depth in
parallel with the increase of the lithostatic load.

8. Conclusions

The study of the Mt. Vesuvius seismicity, since
1999, allowed to identify two separate seismogenic vol-
umes. The first, shallower, is located above the sea level,
within the Mt. Vesuvius volcanic edifice. This seismic-
ity is characterized by low magnitudes and by a low b-
value (about 1.01). The temporal distribution of the

10

strain release is quite stationary (Figure 8) compared to
the events located within the deeper volume which
seem to occurr preferentially during seismic crises [Vi-
lardo et al. 1996, Bianco et al. 1999, Capuano et al. 1999,
De Natale et al. 2004]. We postulate that the seismicity
within this volume is mostly driven by shear stressed
induced by the gravity.

The second, deeper, seismogenic volume, extends
from about 1 up to 7 km depth. The characteristics of
its seismicity point to heterogeneous stress field, re-
sulting from the superposition of a regional field and
(strong) local perturbations induced by density and
rigidity variations at kilometric scales, occurring below
the volcanic edifice. This stress field alone is not able,
usually, to be a causative source of seismicity. With the
support of direct (geochemical) and indirect (seismo-
logical) evidences, we postulate that, fluids within the
hydrothermal system of Mt. Vesuvius, play a funda-
mental role in modulating the occurrence of earth-
quakes within this volume. The temporal modulation
of the seismicity, or in other words, the occurrence of
seismic crises at Mt. Vesuvius, is likely to be caused by
the injection of fluids, from the magma chamber (at
about 8 km depth) [Auger et al. 2001], within the Mt.
Vesuvius hydrothermal system. After the 1999-2000 cri-
sis, until 2012, the seismicity of Mt. Vesuvius has been
characterized by a stationary pattern, consisting mainly
in the occurrence of low-magnitude earthquakes
within the shallow volume.

Accurate 3D numerical modeling of the stress field
together with a thermo-fluid-dynamical modeling of
the hydrothermal system, could shed light on some still
unresolved questions. The most important are the na-
ture of the reduced strain release volume existing be-
tween 0.5 km a.s.]. and 1 km depth and the origin of
the vertical variations in the seismicity patter observed
below 1 km depth.

Our results also give some hints concerning fu-
ture improvements of the seismic monitoring system.
The difference between the M_ for the whole BKE cat-
alogue and that for the located events indicates the
necessity of further lowering the capability to locate
small (M < 0) earthquakes. Efforts in this direction
have been already carried out, putting more stations
close the epicentral area (Gran Cono), achieving a sig-
nificative drop in the M_ for events located at shallow
depth [Orazi et al. 2013]. A further improvement can
be achieved by enhancing the signal/noise ratio. Cur-
rently, a reliable approach to this problem, is to re-
place surface stations with borehole installations.
Another possibility is to complement, standard loca-
tion procedures, with seismic array analysis.

Lastly, since the temporal and spatial variations of
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the b-value have shown to be important parameters:
they should be included in the seismic monitoring sys-
tem as routine analyses.
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