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ABSTRACT

Since the early ’70s vertical ground movements at Mount Vesuvius area
have been investigated and monitored by the Osservatorio Vesuviano (Isti-
tuto Nazionale di Geofisica Vulcanologia - Osservatorio Vesuviano since
2001). This monitoring began with the installation of a high-precision
leveling line in the region at medium-high elevations on the volcano. The
deformation pattern and expected strain field assessment methods in the
volcanic structure induced by inner sources has demanded in subsequent
years the expansion of the leveling network up to cover the whole volcanic
area, enclosing part of leveling lines of other institutions. As a result of
this expansion, the Mt. Vesuvius Area Leveling Network (VALN) has today
reached a length of about 270 km and consists of 359 benchmarks. It is
configured in 21 circuits and is connected, westward, to the Campi Fle-
grei leveling network and, northward, to the Campania Plain leveling
network. The data collected have been carefully re-analyzed for random
and systematic errors and for error propagation along the leveling lines to
identify the areas affected by significant ground movements. For each sur-
vey, the data were rigorously adjusted and vertical ground movements were
evaluated by differentiating the heights calculated by the various meas-
urements conducted by the Osservatorio Vesuviano from 1973 to 2009.

Introduction

The volcanic complex of Somma-Vesuvius is a
stratovolcano located in the southern sector of Cam-
pania Plain (Figure 1) together with other Neapolitan
volcanoes (Campi Flegrei caldera, Ischia island, and
eruptive centers of Naples city).

Neapolitan volcanic area is bordered on the north
by Campania Plain, on the East by Sarno Plain, and on
the South by Gulf of Naples. Volcanic activity of Somma-
Vesuvius is related to the geodynamic processes that
generated the extension of the western edge of the
southern Apennines, the opening of the Tyrrhenian Sea,

the crustal thinning and formation of the Campania
Plain graben [Finetti and Del Ben 1986, Luongo et al.
1991, Patacca and Scandone 2007, Vezzani et al. 2010].
The graben is bordered by tectonic lines (e.g. Mount
Massico, Mount Maggiore, and Sorrento peninsula)
with a NW-SE and NE-SW trend.

The volcanic system consists of the older Mt.
Somma and younger Mt. Vesuvius, that is located
within the caldera of Mt. Somma formed about 18,000
year BP [Landi et al. 1999]. Currently, the caldera rim
(maximum altitude 1131 m a.s.l.) is well preserved in
the northern sector. Mt. Vesuvius is a nearly symmet-
rical cone, which reaches 1281 m a.s.]. and was formed
through the accumulation of lava flows, ash and scoria
emitted mainly from the central vent.

The volcanic activity in the area dates back to
about 400,000 years ago [Brocchini et al. 2001, Cubellis
et al. 2007], although Mt. Vesuvius volcano was formed
about 25,000 years ago, about 8000 years before the col-
lapse of the Somma caldera [Delibrias et al. 1979]. Ge-
ological and volcanological data [Carta et al. 1981,
Santacroce 1983, Santacroce and Sbrana 2003] show the
occurrence of several subplinian and plinian eruptions.
This intense period of activity was followed by a quies-
cent period lasting several centuries until the devastat-
ing Plinian eruption in 79 A.D. [Luongo et al. 2003,
Marturano 2008, Marturano et al. 2011].

After some centuries, during which we have very
few data, a subplinian eruption occurred in 472 A.D.,
followed by a persistent activity lasting about 700 years
[Mastrolorenzo et al. 2002, Rolandi et al. 2004]. A long
period of low activity began in the 12th century and
lasted until 1631, when the volcano resumed activity

50451



PINGUE ET AL.

with a subplinian eruption which was followed by a pe-
riod of small and medium-size eruptions until 1944. This
last eruption marked the beginning of a period charac-
terized by only fumarolic activity [Chiodini et al. 2001,
Frondini et al. 2004] and low level seismicity [Bianco et al.
1998, De Natale et al. 1998, 2004], generally character-
ized by earthquake swarms [Bianco et al. 1999].

The ground deformation is a geophysical parame-
ter that contributes to the unrest assessment of eruptive
activity in medium-term [Dvorak and Dzurisin 1997,
Dzurisin 2000, 2003 ]. The measurement of the vertical
displacement field in an active volcanic area gives indi-
cations of the crustal stress distribution changes related
to the magma dynamics. The observations available for
several decades (more than one hundred years) on ac-
tive volcanoes show that a significant percentage of pre-
eruptive stages are accompanied by seismicity, geochem-
ical variations and ground deformation. The precision
leveling is a widely used technique for the measurement
of vertical ground displacements [Pelton and Smith 1982].

This methodology, recently supplemented by other
methods like GPS and INSAR, has been used for a long
time in active volcanic areas to model sources and the
complex mechanisms of magma ascent [Mogi 1958,
Corrado et al. 1976, Obrizzo et al. 2001, Beauducel et al.
2004, Obrizzo et al. 2004, Battaglia et al. 2006]. This
technique allows to achieve a millimeter accuracy in

8 C'q Marigliano
[+ L]

0 ] e

o Pomigliano . ",

< e Q@

7,
7 p/
{ e,

.

North (m)

4530000

T T —
940000 955000

Figure 1. Sketch map of Mt. Vesuvius area. The main volcano-tec-
tonic lineaments insistent on Somma-Vesuvius volcanic complex
are shown (blue lines). The red solid line represents the Somma
caldera rim (redrawn after Ventura and Vilardo [1999]). The insert
at the bottom shows the Campania plain graben with the main tec-
tonic lines. Some peculiar place names are also shown.

the height estimation of the measured benchmark.

The volcanic history, geologic structures and tec-
tonic dynamics of the investigated area, and the knowl-
edge of the magma ascent processes, are among the
most important elements for the design and the geo-
metrical configuration of the geodetic (leveling, GPS,
Tilt, Gravimetry, tide gauge), seismic and geochemical
monitoring systems.

The first experiments using this methodology on
Mt. Vesuvius was conducted in December 1861. Luigi
Palmieri (then director of the Osservatorio Vesuviano)
carried out measurements of height variations using a
“telescope-level” along the fractures that were opened
in the town of Torre del Greco (on the southern flank
of Mt. Vesuvius) during the eruption that caused dam-
age and destruction in this city [Palmieri et al. 1862].

The first precision leveling on Mt. Vesuvius was
carried out by Loperfido [1914]. He installed and meas-
ured a leveling line about 11 km long, which started
from the bottom of the volcano (Ercolano) and as-
cended the southern flank of Mt. Vesuvius reaching the
crater, where a close loop was installed along the crater
rim. The benchmarks of this small network were lost
(presumably destroyed by the 1944 eruption), except
for two points located near the Osservatorio Vesuviano
historical building (altitude 600 meters). They were meas-
ured in 1959, showing a subsidence of about —20 cm
[Giannoni 1962].

In 1959 a larger leveling network was setup on the
southern part of Mt. Vesuvius [Giannoni 1962] reach-
ing the Quota 1000 area.

Beginning from 1973 the Osservatorio Vesuviano
installed a new “Vesuvius Area Leveling Network”
(VALN) that expanded in the following years reaching
in 2009 a length of about 270 km with 359 benchmarks
forming 21 circuits (Figure 2).

In this paper we analyze the data collected from
1973 to 2009 to identify the areas affected by significant
vertical ground movements.

Vesuvius Area Leveling Network (VALN): design, in-
stallation and evolution

In the early "70s the Osservatorio Vesuviano began
a study aimed at the design and installation of a preci-
sion leveling network to monitor the vertical ground
movements of Mt. Vesuvius. Since it is an active vol-
cano for a long time in a quiescent phase, there are not
enough and sufficiently reliable information on the pat-
tern field of ground deformation that can characterize
the various phases of activities (pre-eruptive, eruptive
and post-eruptive). The lack of such data led to the de-
cision to expand, albeit gradually, the leveling network
up to cover the whole volcanic complex.
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Figure 2. Temporal evolution of the Vesuvian Area Leveling Network (VALN). The colors indicate the installation date of the correspon-
ding leveling sections. The names of the 21 circuits leveling are reported. The circles represent the GPS vertices connected to VALN.

Between 1973 and 1974, 25 benchmarks were
setup in the upper middle part of the volcano (between
500 and 1000 meters of altitude) configured in four lev-
eling lines [Bonasia et al. 1974]. The network was about
20 km long and enclosed the Vesuvius Gran Cono with
the exception of the northeast side (Figure 2). This
rather small leveling network remained unchanged
until 1984 and several surveys were conducted until
September 1982, always following the criteria required
for the first order leveling [Commissione Geodetica Ital-
iana 1975]. The collected data were analyzed using as a
reference the IGM benchmark placed close to the Os-
servatorio Vesuviano building. This benchmark was
considered the most suitable, being located in a rela-
tively stable area of the volcano on the oldest structure
of Mt. Somma. The analysis of this dataset referred
only to the upper part of the volcano and revealed a
modest subsidence trend in areas characterized by in-
coherent soil and very steep slope [Bonasia and Pingue
1981, Bonasia et al. 1985]. These authors highlighted
the need to expand the leveling network toward lower
altitudes and far from the volcano, in order to study the
vertical movement of other areas of the volcano and to
find a reference benchmark with greater stability.

Therefore, a progressive expansion of the leveling
network toward the southwestern area was carried out.
In 1986 the VALN was connected to the Campi Flegrei
leveling network and to the limestones of the Sorrento
Peninsula allowing the use of the same reference
benchmark used in Campi Flegrei leveling network and
located in Naples. At that time the whole network was
about 120 km long with 154 benchmarks.

In the following years, in addition to set up several
benchmarks on the southern rim of Mt. Vesuvius crater,
the enlargement of the network in the northern sector

was also carried out. The coverage of the entire Somma-
Vesuvius volcanic complex was completed, connecting
the network at north with the IGM leveling lines oper-
ating in the Sannio and Irpinia seismogenic areas. (Figure
2). We remark that in 2009 we have connected the level-
ing network to the GPS 3D vertices of the permanent
GPS network of the Neapolitan volcanic area (Figure 2)
[Bottiglieri et al. 2007, 2010, Tammaro et al. 2013]. The
Vesuvius leveling network consists today of 359 bench-
marks, distributed over an area of about 250 km?. It
covers the total emerged volcanic area, from Naples to
Castellammare, and extends inland to the towns of
Pomigliano d’Arco and Mari-gliano. With a length of
about 270 km, the network is structured in 21 circuits
(Figure 2) all connected to each other in order to allow a
cross-check and a rigorous adjustment of measurements.
This procedure, after fixing of the reference benchmark
altitude, estimates the most probable elevation (in the
minimum square sense) of all other benchmarks.

The present density and spatial distribution of the
leveling benchmarks ensures the detection of the en-
tire Somma-Vesuvius vertical movements, and of dif-
ferential movements of specific areas, even small, on
the surface. The former are possibly related to processes
such as pressure increase at depth, while the second are
likely related to magma rising to the surface. The last
mechanism should induce a superficial asymmetry in
the stress field due to preferential paths through struc-
tural weaknesses of the crust.

In Table 1 we show the evolution of the VALN net-
work along the years through the number of installed
benchmarks, length of the network and the number of
circuits.

Many papers have dealt with the analysis of data
from this network. In particular, Pingue and Esposito
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Survey # bm (k];n) # Loops Note
3/1973 9 5 0
10/1973 9 5 0

1974 25 17 0

1976 26 17 0

1977 26 17 0

1978 26 17 0

1979 26 17 0

1980 26 17 0

1981 26 17 0

1982 26 17 0

1984 54 39 0

1985 21 18 0

1986 154 120 11

1988 213 158 11
03/1989 36 36 0 Partial survey
11/1989 236 197 13

1990 247 196 13

1992 248 196 13

1994 248 196 13

1995 287 224 15

1996 284 223 15

1997 280 222 15

1999 280 222 15

2000 291 226 16

2002 298 236 17

2003 98 66 1 Partial survey

2004 298 233 17

2006 220 160 13 Partial survey

2009 359 270 21

Table 1. Principal characteristics of leveling surveys.

[1988] presented a detailed and critical report of the lev-
eling measures, available until 1986. They show that,
using the Ercolano benchmark as reference, in the 27
years between 1959 and 1986, the coastline shows a
very slight subsidence trend, whereas benchmarks lo-
cated on the volcano flanks show a modest uplift with
a rate of a few mm/year. Several authors report level-
ing data analysis as they become available [Bonasia et al.
1974, Bonasia and Pingue 1981, Bonasia et al. 1985,
Pingue and Esposito 1994, Pingue et al. 2000]. Berrino
et al. [1993] carried out an analysis of the whole geo-
physical dataset (seismic, gravimetric, tide gauge, tilt-

meter and leveling data), available for the Vesuvius area
at that time. All these analysis have evidenced no sig-
nificant vertical movements related to the internal dy-
namics of the volcano. Slight subsidence are observed
at a few benchmarks, likely due to local effects.

Data acquisition and analysis of height differences

From March 1973 to November 2009, 29 surveys
were carried out (Table 1). The first 12 were conducted
before 1986 and are limited to the central part of Mt.
Vesuvius (from 100 meters to 1000 meters a.s.l.), with-
out reaching the crater area. The successive surveys, in-
stead, cover larger areas and use the benchmark
LNA/001 (within Naples) as a reference. It must be
noted that 3 surveys were carried out only over part of
the network. The first one (March 1989) measured only
few benchmarks located north of the volcano. Other
two surveys (2003 and 2006) cover only part of the
southern flank of Mt. Vesuvius.

In the following we briefly describe the various
surveys carried out from 1973 to 2009 and report the
main features of the height differences measured be-
tween successive benchmarks and the closure errors of
the closed leveling circuits.

All measurements were made using one or more
automatic optical levels (e.g. Wild NA2) with parallel-
plate micrometer and invar rods, calibrated before
each survey. The double-run field procedure was used,
which helps to detect any blunders, identify and reduce
both systematic and random errors. The maximum al-
lowed discrepancy between forward and backward
measurements of consecutive benchmark was set to
+2.5 X(Lkm)” 2 mm, where L, _is the length in kilo-
meters of the leveling section. In the case of close cir-
cuits the closure error (i.e. the height difference
accumulated along the loop) must not exceed the
value of iZ.OX(Ckm)l/ > mm, where C, _ represents the
loop length in kilometers [Commissione Geodetica
Italiana 1975].

In cases of open leveling lines, the correctness of
data has been provided only verifying that the absolute
value of the discrepancy of each leveling section was not
greater than the allowed tolerance. In the case of closed
circuits, it has also verified that the error of closure of
each loop was compatible with the tolerance accept-
able according to its length. To estimate the accuracy of
leveling measurements we analyze the observed height
differences between consecutive benchmarks. Table 2
shows the main characteristic data related to the dis-
crepancies calculated for each survey.

In Figure 3 (1st column) the discrepancy versus sec-
tion length are shown for each survey. We see that al-
most all discrepancies of each measurement campaign
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Year Nu'mber Min. Max. Mean Stand. dev. R? value Skewness Kurtosis
of discrep. (mm) (mm) (mm) (mm) (mm) (mm)
3/1973 8 -1.34 0.73 -0.09 0.68 0.0841 0.5484 -0.6272
10/1973 8 -1.14 1.49 0.00 0.77 0.3245 0.4895 0.4143
1974 24 -2.34 1.79 0.00 1.24 0.3950 -0.3212 -1.3321
1976 25 -1.41 2.48 0.27 1.00 0.0330 0.3191 -0.4087
1977 25 -2.27 2.30 0.17 1.11 0.0000 -0.2416 -0.1860
1978 25 -2.46 2.10 0.24 1.03 0.0103 -0.6347 0.3595
1979 25 -2.87 2.97 0.01 1.65 0.0002 0.0312 -1.2161
1980 25 -1.96 2.72 0.10 1.28 0.1172 0.3618 -0.8415
1981 26 -2.39 2.99 -0.27 1.38 0.0263 0.6739 0.3895
1982 26 -2.93 3.75 0.60 2.07 0.0238 0.4911 -0.0422
1984 57 -2.84 2.74 -0.25 1.41 0.0229 0.0655 -0.6630
1985 20 -3.42 3.48 0.41 1.71 0.1122 -0.3582 -0.1032
1986 162 -3.59 3.89 0.21 1.42 0.0127 -0.0349 0.0581
1988 224 -3.07 3.48 0.39 1.27 0.0006 -0.2288 -0.3986
03/1989 35 -2.42 2.50 0.02 1.34 0.0134 0.0546 -0.8917
11/1989 248 -2.77 2.58 -0.01 1.27 0.0018 0.0101 -1.0387
1990 259 -2.47 2.74 0.63 1.10 0.0041 -0.8385 0.0624
1992 260 -2.25 2.51 0.04 1.10 0.0038 0.0545 -0.8509
1994 260 -2.00 2.30 0.34 1.07 0.0050 -0.3099 -0.9589
1995 301 -2.19 2.33 -0.02 1.07 0.0003 0.1025 -1.0248
1996 298 -2.43 2.60 0.19 1.16 0.0005 -0.1650 -0.9133
1997 294 -2.33 1.77 0.26 0.84 0.0037 -0.4460 0.4771
1999 294 -2.06 2.04 0.07 0.93 0.0360 -0.1290 -0.8007
2000 306 -2.04 2.08 0.20 0.96 0.0382 -0.2862 -0.9105
2002 315 -1.86 2.00 0.33 0.84 0.0168 -0.3882 -0.7344
2003 101 -1.34 2.01 0.76 0.63 0.2041 -0.3771 0.2169
2004 314 -2.28 2.19 0.51 0.97 0.0007 -0.6293 -0.1660
2006 232 -1.69 1.76 0.46 0.65 0.0104 -0.7238 0.4944
2009 379 -1.70 1.70 0.48 0.60 0.0001 -0.4496 -0.5116

Table 2. Statistics of leveling discrepancies.

are lower than the allowed tolerance of +2.5x(L, )!2
mm, and a significant percentage is even smaller than
il.OX(Lkm)l/ 2, Furthermore, there is no significant lin-
ear correlation with the length; in fact, the coefficient
of determination R? is in the range 0+0.3950 with an
average of only 0.0518 (Table 2).

Figure 3 (2nd and 3rd columns) also shows relative
frequency distribution of the discrepancy between
backward and forward readings. The average value lies
in the range —0.27+0.76 and the standard deviation in
the worst case is about 2 mm. It can be inferred that the
distributions are generally uni-modal with the central

value close to zero and very small standard deviations.
Only some cases with few observations show a bi-
modal distribution, imputable to lack of data.

To test the observations we evaluate, for normal
distribution, the skewness y, = ﬂ% , (where 4, is the
empirical third central moment and o is the standard
deviation) and the kurtosis y, = ﬂ%_ . — 3 (where g, is
the empirical fourth central moment and o is the stan-
dard deviation). Table 2 lists the values of skewness and
kurtosis of the discrepancy distribution of all leveling
surveys in the period 1973-2009. The skewness covers a
range from —0.8385 to 0.6739 with an average = —0.1159,
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while the average kurtosis is equal to —0.4189 (with a
range between —1.3321 and 0.4944). There are no sig-
nificant correlation between the values of kurtosis and
skewness with the number of available observations
(Figure 4). Only a slightly higher dispersion of these pa-
rameters is observed when a smaller number of obser-
vations is available.

The 29 surveys carried out from 1973 to 2009 in-
volved nearly 700 leveling sections between two suc-
cessive benchmarks, 485 of which were measured at
least twice in the considered temporal period.

To assess the significance of variations versus time
of these relative height at each pair of successive
benchmarks we used the method of variance analysis.
The hypothesis that height differences of the it time
series are all equal (null hypothesis) is verified if F,<F_=
F = 1.N—m.o for the i® time series, where m is the num-
ber of samples, N is the total number of observations
and « is the chosen confidence level.

This analysis was applied to the available 485 lev-
eling sections that are in the dataset with at least two
measures. By choosing a confidence level of 5%, we
verified that the value F is higher than the correspon-
ding critical value F_ in 125 cases (25.8% of total cases),
and therefore the null hypothesis is rejected.

It is very interesting to observe the spatial distri-
bution of leveling sections for which the hypothesis of
common average of the correspondent height differ-
ence is rejected by the analysis of variance. Figure 5
shows in red the midpoint positions of all the leveling
sections whose temporal trend is not stationary.

It is clear that some of these segments are sparsely
distributed in the N-NW area of Mt. Vesuvius, gener-
ally interested by a non-significant dynamics. On the
contrary, a group of segments exhibiting a non-sta-
tionary signal is located in the SE area of the volcano
characterized by flat and alluvial terrain (the Sarno river
plain). This densely populated zone is affected by
ground movements related to the aquifer dynamics
[Cascini et al. 2006, Fabbrocino et al. 2007].

The majority of non-stationary leveling segments
are concentrated on the volcano, from 500 m of alti-
tude up to the crater rim. This zone is characterized by
soft and incoherent pyroclastic materials and was al-
ready identified as an unstable area [Bonasia et al. 1985].
Others non-stationary leveling segments are located on
the flanks of the volcano characterized by steep slopes.

Adjustment of leveling data and elevation time series

From 1973 to 1985 the leveling network for moni-
toring the activity of Mt. Vesuvius consisted of a few
benchmarks, located at the top of the volcano from
about 500 to 1000 m a.s.l. These benchmarks were
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Figure 4. Kurtosis and Skewness of the discrepancy distributions
of each leveling survey. The solid line shows the trend in the num-
ber of measured height differences.

placed along open leveling lines and only since 1986
some circuits were closed, allowing a first cross-check
data. This poor configuration resulted in the impossi-
bility of finding a reference benchmark far enough
from the monitored area. Therefore, in such cases no
rigorous data adjustment was made and quality control
was carried out only by checking that the discrepancies
of each leveling segment and the loop closures were
smaller than the allowed tolerances.

At the beginning of 1986 survey the VALN net-
work was further expanded and was also connected to

4545000

North (m)

4530000

4515000

T T =
940000 955000

Figure 5. Location map of the leveling section midpoints measured
at least twice. The stationary (yellow) and the non-stationary (red)
sections are also shown. Stationarity analysis has been performed
using variance analysis. The blue solid line represents the rim of the
Somma caldera.
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Survey Numl?er Number Length Maximum residual o,
of sections of unknowns (km) (mm) (mm)

1986 162 153 120 1.14 1.80

1988 224 212 158 1.40 1.72

11/1989 248 235 197 1.24 1.45

1990 259 246 196 0.95 1.58

1992 260 247 196 1.11 1.11

1994 260 247 196 0.78 1.07

1995 301 286 224 1.09 1.43

1996 298 283 223 0.75 1.03

1997 294 279 222 0.67 1.22

1999 294 279 222 0.65 1.02

2000 306 290 226 0.81 1.10

2002 315 297 236 0.78 1.14

2003 101 97 66 0.69 0.69

2004 314 297 233 0.83 1.02

2006 232 219 160 0.45 0.72

2009 379 358 270 1.14 1.14

Table 3. Principals parameters of adjustment survey data.
the adjacent Campi Flegrei leveling network. The C=(4—q)—

shared benchmark, located in Naples (bm LNA/001),
was used as altitude reference. Therefore, the data of
each survey from 1986 to 2009 were processed by a rig-
orous adjustment process, obtaining the most probable
height of the unfixed benchmarks with respect to the
height of the reference H; , /oo; = 2.754 m. The data
of the survey carried out in March 1989 have not been
adjusted, because only 36 benchmarks, not connected
with the reference benchmark, were used. Table 3
shows for each survey some characteristic numbers
concerning the adjustment process. These provide use-
ful information on the quality of collected data and
their mutual consistency.

Sometimes it has happened that some benchmarks
have been lost by various causes. In general they have
been replaced, during the subsequent survey, with a new
benchmark placed very close to the lost one. Therefore,
the altitude time series of these benchmarks show an
offset caused by the benchmark replacement. Of course,
there are no contemporary measurement executed on
both benchmarks. The time series discontinuities were
eliminated by evaluating the rates of the series before
and after the interruption. In detail, if q, and g, are the
altitude calculated at time t, and t, (t, <t,) and q, and q,
are the corresponding height at the times t; and t, (t, <
<t, <t,), the offset has been eliminated by adding to
all altitudes g; at time t; < t, the constant quantity:

(92— q) X (8, — t5) + (4, — ¢5) X (8, — 1)
— ZX(tZ—tl)Xq(t4—‘1t3) X(t =~ ).

Using this simple procedure 52 time series have been
reconstructed, allowing a better sampling of the vertical
displacement pattern for each pair of measurements. In
conclusion, we have 312 altitude time series of many
benchmarks (with a common reference) spanning from
1986 to 2009. Each of them is constituted by a number
of points in the range 2-16. These data can be considered
sufficient, in terms of quantity and geometrical distribu-
tion, to estimate the vertical displacement pattern at
the Somma-Vesuvius area from 1986 to 2009.

Data show that a clear characteristic of the move-
ments is a strong predominance of subsidence move-
ments. Figure 6a shows the vertical displacement range
in each survey with respect to the previous one. The
same quantity is plotted as percentage in Figure 6b. The
cumulative range and distribution are shown in Figure
6c and 6d. It is evident that the Somma Vesuvius volcanic
area is in a subsidence phase, especially since 1999.

The map of vertical displacements provides useful
information on the distribution on the most active
areas. As an example, Figure 7 shows the map of verti-
cal displacements for the whole period 1986-2009 using
the common points to the 1986 and the 2009 surveys.
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VERTICAL GROUND MOVEMENTS AT MT. VESUVIUS

Figure 6. (a) Bar graph which represents the range of the benchmark vertical displacement calculated between each survey and the previ-
ous one. (b) Percentage of benchmarks showing positive (gray) and negative (black) elevation changes. The panels c) and d) correspond re-
spectively to a) and b), but for elevation variations cumulated from 1986 onwards.

The common benchmarks exclude the northern and
the extreme eastern parts of the present network and,
more important, the most of Gran Cono. Figure 8
shows, as an example, the height variation calculated
at four characteristic profiles in the period 1986-2009,
running a) from Naples to Castellammare along the
coast, b) from Castellammare to Poligono di Tiro (1000
m a.s.]. climbing on the southeastern flank of the vol-
cano), ¢) from Naples to Ercolano-Quota 1000 (1000 m
a.s.l. climbing along the southwestern flank). The
fourth profile (d) is a circuit that covers the southern

part of the volcano from about 100 m a.s.l. to about 650
m a.s.. The first profile exhibits a slow subsidence from
Naples to Castellamare (approximately —4 cm in about
40 km). Second and third profiles show an almost flat
behavior up to the benchmarks located on the Somma
caldera border, about 600-800 m a.s.l. Here the vertical
displacement gradient increases significantly in both
profiles. More precisely the subsidence reaches the
value of —16.50 cm at bm LVE/013 along the profile
b), whereas it assumes the value —15.25 cm along the
profile c). Finally, the profile d) in Figure 8 shows a sub-
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Figure 7. Map of the vertical displacement field for the period 1986-
2009. The benchmarks common to the two surveys are shown in
blue. The rim (solid line) of the Somma caldera is also showed. The
red star indicates the reference benchmark location.

sidence greater than —10 cm at benchmarks placed on
higher altitude part of circuit, about 600 m a.s.l. close to
the Somma caldera rim, and a much less significant sub-
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sidence (on average in the range —5 -~ —3 cm) on the
edge of the profile at lower elevation. Surprisingly we
observe that the gradient increase along the three pro-
files occurs at about 700 m a.s.l., coinciding with the
inner limit of the Somma caldera. This result indicates
that the whole Somma caldera, including the Gran
Cono area, is affected by a subsidence phenomenon
greater than that affecting the area at altitude lower
than about 700 m, showing that vertical movements are
also affected by the topography [Meo et al. 2008]. In-
terestingly the Sarno river Plain, east of the volcano, is
also affected by a subsidence ranging between —2 and
—5 cm along both the profiles a) and ¢) of Figure 8. On
the contrary we do not observe any significant vertical
displacement in the northwest area of Mt. Vesuvius, ap-
proaching the reference benchmark.

Finally, during the time period 1986-2009, there is
no direct information concerning the movements of the
areas at the crater rim, and the north and east flanks of
the volcano, because here there were no benchmarks in
1986. The crater rim benchmarks were placed in 2000,
thus, to obtain information on movements of these
areas, we computed the map of vertical movements for
the period 2000-2009 (Figure 9) and the height variations
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Figure 8. Elevation variations measured for the period 1986-2009 on the benchmarks of 4 particular leveling profiles. The inset shows the
locations of the involved points with the rim of the Somma caldera (red line).
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on benchmarks located on crater loop (Figure 10). It is
clear that the subsidence increases going up to the crater
rim. Indeed, the benchmark of maximum subsidence in
this period (bm LVE/190) is placed just on the southern
rim of the crater and exhibits a subsidence of about
—14 cm, almost double than the subsidence highlighted
at bm LVE/013 (located at base of the Gran Cono)
which was the benchmark with the greatest subsidence
in the previous configuration of the VALN.

We now analyze the temporal behavior of the ver-
tical ground movements considering a group of bench-
marks with different height a.s.1. and located on areas
with different geological and structural characteristics
(Figure 11). The altitude variations versus time for this
group of benchmarks is shown in Figure 12. The al-
most constant temporal decrease of the displacements
for the whole Vesuvius area has been confirmed, albeit
with different subsidence rates. The altitude is well
enough linearly correlated with time, as shown by the
linear fit (Figure 12). It should be highlighted that the
rate of subsidence increases with altitude. Indeed, it is
of the order of 1 mm/year for the coastline (for exam-
ple at bm 083/064), reaches values of about 10 mm/year
as you climb up to the base of the Gran Cono (for in-
stance at bm LVE/013 and bm LVE/026) and exceeds
15 mm/yr at crater rim (for example at bm GEVE/24
and bm LVE/190). Notice that benchmarks located on
the Sarno river Plain, although placed at low altitudes
(<100 m a.s.L.), exhibit subsiding rates 2-3 times higher
than that found at the benchmarks along the coast
(northwest direction).

Temporal analysis of the altitudes

To approach the question if the altitude is station-
ary, we have investigated the 312 altitude time series de-
scribed in the previous section. Among these we
selected those with at least 6 points to ensure a suffi-
ciently robust statistical analysis. This reduces the num-
ber of series to 290. At this point of analysis we prefer a
more strict criterion for selecting stationary signals with
respect to the one used for the height difference analy-
sis. The choice is a consequence of the error reduction
in using the adjusted measures. Therefore we decided
to apply the Student t-test to all possible couples of
measures for each benchmark separately, taking into ac-
count only records with a number of measures n > 6.
The t-test has been performed at a confidence level of
5%. If just one couple of data points did not get through
the test, the series has been considered not stationary.
The choice took in consideration any possible existence
of variation. We found 47 non-stationary data series, re-
ferring to the benchmarks whose location is shown in
Figure 13. These data series have been normalized in

11
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Figure 9. Map of the vertical displacement field for the period 2000-
2009. The benchmarks common to the two surveys are shown in
blue. The rim (solid line) of the Somma caldera is also shown. The
star indicates the reference benchmark location.
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Figure 10. Elevation variations measured for the period 2000-2009
on the benchmarks of a profile that includes the edge of the Vesu-
vius crater. The inset shows the locations of the involved points
with the rim of the Somma caldera (red line).
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The blue line represents the rim of the Somma caldera.
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Figure 13. Map showing the position of the 47 benchmarks whose elevation variations time series were found to be non-stationary. Sta-
tionarity analysis is here based on the t-test. The blue line represents the rim of the Somma caldera.

order to easily compare them to each other and to ver-
ify the eventual existence of common behavior.

In Figures 14 and 15 we can observe that most of
the altitude series exhibit a common behavior, indeed
they look to be linearly correlated with a very similar
shape. The only differences can be easily attributed to
the length of the series. Indeed, in Figure 14 we show
the series with n > 8, whereas in Figure 15 the series
with n = 6 exhibits a shape similar to the series in Fig-
ure 14. Only 8 time series (see Figure 13 for their geo-
graphical position) exhibit a more variable shape. They
have been plotted in different panels of Figure 16 to bet-
ter recognize their differences. We remark that all se-
ries, displayed in Figures 14 and 15, are recorded at the
top of the volcano. On the contrary, among the stations
whose measure series are characterized by a more vari-
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Figure 14. Time series of the elevation variations normalized to
the maximum value of each series and having a number of samples
larger than 8.

13

able shape, 4 are located east of the volcano in the
Sarno river plain (see Figure 13), the others are isolated
points located west and north of the volcano.
However all of them appear to vary approximately
linearly. We have verified this hypothesis applying the F-
test and performing a linear fit providing the vertical
displacement velocities v. These are reported in the
map of Figure 17, where it is evident that the highest
velocity of vertical ground displacement is observed at
the crater area with a maximum value of more than
—1.5 cm/yr. Notice that, once again, there are isolated
zones at higher velocity along the Sarno river plain and
at west and north of the volcano. The first one can be
explained by the aquifer dynamics, whereas the other
could be due to very local dynamical processes. These
results are also confirmed by the velocity distributions,
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calculated for the 47 non-stationary time-series, with
respect to the benchmark elevation (h) (Figure 18).
After a transition zone for 600<h<800 m a.s.1., the sub-
sidence rate exhibits a sharp increase for h > 800 m a.s.L.
reaching the value —1.6 cm/y ath = 1174 ma.s.l. A sig-
nificant subsidence (v < —0.4 cm/y) is also observed
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Figure 17. Map of the subsidence velocity calculated with the 47
benchmarks, whose vertical displacements time series were not sta-
tionary. The rim (solid blue line) of the Somma caldera is also
showed. The blue star indicates the reference benchmarks location.
Some peculiar place names are also shown.
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for benchmarks at lower values of h (0 =~ 100 m a.s.L.).
These are located at the Sarno river plain, whose major
subsidence has already been reported in the literature
[Pingue et al. 2000]. Interestingly, the CF/0236 bench-
mark, which also shows an anomalous subsidence ve-
locity, is located in an area of Naples city where the
subsidence has already been observed by PS survey [Vi-
lardo et al. 2009, Terranova et al. 2012].

Discussion and conclusion

We have described the evolution of the precision
leveling network operating on Mt. Vesuvius area (VALN)
from 1973 until now, enlightening the improvements in
its detection capability, resolution and geometrical con-
figuration. At present time it is composed by 359 bench-
marks along 270 km, with a geometrical configuration
consisting of 21 leveling loops. This configuration guar-
antees the internal consistence of the collected data and
allows a good estimate of the deformation field on the
volcano.

The network is connected to similar adjacent net-
works dedicated to monitoring both volcanic and tec-
tonic active areas. This allows to evaluate eventual
differential relative displacements of the different areas
and to enlighten eventual reciprocal influence.

The eventual presence of relevant systematic er-
rors in the collected data has been investigated by using
the variance analysis of discrepancies. This method can
be applied also to data collected in periods during which
the network was spatially limited to the medium-high
part (h < 600 m a.s.1.) of the volcano with no reliable ref-
erence benchmark. The analysis reveals that almost all
the discrepancies of each measurement campaign are
lower than the allowed tolerance. The discrepancy dis-
tributions are unimodal with a central value close to
zero and very small standard deviations revealing the
substantial absence of any significant systematic errors.

From 1986 up to now the definition of a stable ref-
erence point has allowed the rigorous data adjustment
and the estimate of the benchmark elevation in the
least squares sense. The adjustment processes evidence
maximum residues lower than 1.5 mm with a standard
deviation of the weighted units less than 1.8 mm. Then
we have been able to evaluate the height variation
along some characteristic leveling profiles deducing the
behavior of the deformation field. This enlighten a gen-
eral subsidence of the whole volcano in the period
1986-2009, which assume larger values in the Mt. Vesu-
vius Gran Cono area. This behavior is more relevant
along the crater rim where we observe a maximum
subsidence of —13.88 cm during the period 2000-2009.

We have reconstructed the elevation time series
from 1986 to 2009 for 312 benchmarks of the network.
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Their stationarity has been established by a t-test and
the time behavior of the displacements has been inves-
tigated for each non stationary benchmark. These ex-
hibit a clear decrease with time confirming the existence
of a subsidence phenomenon. The reconstruction of
the subsidence velocity field in space evidences that
subsidence velocities are larger for benchmarks located
about at h > 800 m a.s.l. Other subsidence zones can be
recognized in the Sarno plain, north of the volcano and
in Naples city. These have been already observed using
different measurement methods [Vilardo et. al. 2009,
Terranova et al. 2012].

In conclusion we observe that the whole Vesuvius
area is affected by a slight subsidence phenomenon
which become more significant as the distance from the
crater decreases. In particular the rim of the Somma
caldera seems to sign the limit between two zones with
different subsidence velocities.

This result can have many interpretations: 1) a de-
flating shallow magma chamber due to magma cooling
or drainage [Murray and Wooler 2002, de Zeeuw-van
Dalfsen et al. 2005], 2) hydrothermal processes imply-
ing a fluid loss from a shallow geothermal reservoir
[Nakaboh et al. 2003, Gambino and Guglielmino 2008],
3) downslope creeping, settling and compaction of edi-
fice, gravitational spreading [Borgia 1994, Murray and
Wooler 2002].

The first hypothesis would imply a very shallow
magma chamber. In fact a deeper deformation source
should generate a larger deformation field at 500 < h <
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< 800 m a.s.l. than the observed one. Moreover, the hor-
izontal ground displacement is not compatible with a
deep deflating magma chamber [Tammaro et al. 2013].
On the contrary, seismic investigations revealed the pres-
ence of shallow magmatic bodies at larger depth [Zollo
etal. 1996, Auger et al. 2001, De Natale et al. 2001, Del
Pezzo et al. 2006]. On the basis of these considerations
we can discharge the first hypothesis.

The second hypothesis is not supported by geo-
chemical observations. In fact gas flux and temperature
show a slight decrease in the last 15 years [Granieri et al.
2010, Caliro et al. 2011], therefore there are no evi-
dences of strong change of the hydrothermal system
under the volcano.

Therefore we conclude that the third hypothesis is
the most likely. We think that a simple interpretation
of the data could be provided by observing that the
Gran Cono area is the youngest part of the whole
Somma-Vesuvius volcanic complex and therefore the
deposits of this area are less coherent and consolidated
with respect to the oldest Somma deposits. This leads
to conclude that the subsidence phenomenon can be
mainly due to the sliding and the compaction of these
incoherent materials, although we do not exclude that
a minor contribution may be due to other sources.
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