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ABSTRACT

The Campi Flegrei caldera is an active volcanic system associated to a
high volcanic risk, and represents a well known and peculiar example of
ground deformations (bradyseism), characterized by intense uplift peri-
ods, followed by subsidence phases with some episodic superimposed
mini-uplifis. Ground deformation is an important volcanic precursor,
and, its continuous monitoring, is one of the main tool for short time fore-
cast of eruptive activity. This paper provides an overview of the contin-
uous GPS monitoring of the Campi Flegrei caldera from January 2000 to
July 2013, including network operations, data recording and processing,
and data products. In this period the GPS time series allowed continuous
and accurate tracking of ground deformation of the area. Seven main
uplifi episodes were detected, and during each uplift period, the recurrent
horizontal displacement pattern, radial from the “caldera center”, sug-
gests no significant change in deformation source geometry and location
occurs. The complete archive of GPS time series at Campi Flegrei area is
reported in the Supplementary materials. These data can be usefull for
the scientific community in improving the research on Campi Flegrei

caldera dynamic and hazard assessment.

1. Introduction

The Campi Flegrei (CF) caldera, which includes
the western part of Naples, is an active volcano associ-
ated to a high volcanic risk [Ricci et al. 2013]. CF caldera
is located in the southern part of the Plio-Quaternary
Campanian Plain, where there are also others volcanic
systems (Ischia, Procida and Somma-Vesuvius). Their
volcanism is related to the spreading of the Tyrrhenian
Basin, the collaps of the western margin of the Ap-
pennine chain and Campania Plain graben formation
[Finetti and Del Ben 1986, Luongo et al. 1991a, Patacca
and Scandone 2007, Vezzani et al. 2010]. The CF caldera
last eruption, occurred in 1538, gave rise to Mt. Nuovo
[Di Vito et al. 1987].

Many authors assign the most remarkable events
in the CF volcanic history to the eruptions of the Cam-
panian Ignimbrite and Neapolitan Yellow Tuffs (NYT)
calderas occurred respectively at 40 and 15 ka. Since the

NYT eruption, the volcanic activity have been confined
inside the caldera boundaries [Rosi and Sbrana 1987,
Deino et al. 2004, Fedele et al. 2008, Isaia et al. 2009,
Arienzo et al. 2011].

CF are known worldwide to be a site of notable
slow vertical ground movements (bradyseism), testified
by many submerged Roman ruins which are found
along the coast of Pozzuoli Gulf, at nearly 14 m below
sea level. These archeological ruins, as well as historical
and recent observations, indicate that such phenomena
have been active during the last 2000 years. Sinking has
been then dominant process in historical times, but
phases of uplift are also documented mainly from the
well known evidence on the Serapeo columns (Roman
market in Pozzuoli, the central part of the caldera)
[Glinther 1903, Parascandola 1947, Morhange at al.
1999, 2006].

The most recent uplift episodes occurred in 1970-
1972 and 1982-1984 with a cumulative vertical displace-
ment of about 3.5 m at the town of Pozzuoli, partially
recovered successively. In addition to notable ground
movements, the 1982-84 crisis was characterized by in-
tense seismic activity with the occurrence of about
15,000 shallow earthquakes, with a maximum magni-
tude of 4.0. [Corrado et al. 1977, Barberi et al. 1984,
Berrino et al. 1984, De Natale et al. 1991, Luongo et al.
1991b]. After 1984, small uplift episodes occurred in
1989, 1994, 2000 with maximum amplitude ranging be-
tween 1 and 7 cm [Del Gaudio et al. 2010]. From 2005,
an inflation period has been detected [Troise et al. 2007]
and, with increasing rates over time, is still ongoing. The
overall uplift from 2005 to date is about 23 cm.

The dense urbanization of the CF area, makes the
monitoring of geophysical and geochemical parameters,
linked to the eruption precursors, essential for an assess-
ment of volcanic hazard and risk mitigation. Ground de-
formation is an important volcanic precursor, because
it is linked to magma overpressure and migration.
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The Osservatorio Vesuviano (INGV-OV), depart-
ment of the Istituto Nazionale di Geofisica e Vul-
canologia, is in charge of monitoring the Neapolitan
volcanic area. The monitoring system consists of sev-
eral permanent networks, which provide seismological,
geodetic and geochemical data. Continuous geodetic
measurements are made using networks of tiltmeters,
tide gauges and GPS stations. In particular, the perma-
nent GPS network, called NeVoCGPS (Neapolitan Vol-
canoes Continuous GPS), provides stations 3D position
over time [Bottiglieri et al. 2010, Vilardo et al. 2010,
Tammaro et al. 2013].

With this paper we are providing GPS time series
of the North, East and Vertical components of 14 sta-
tions of the NeVoCGPS network operating at CF area
from 2000 to date.

The paper is organized as follows: in Section 2, we
describe the data recording and data processing of Ne-
VoCGPS network; in Section 3, we present the time se-
ries of GPS stations in CF area, Section 4 is dedicated
to the discussion, and finally Section 5 contains the
conclusions.

2. The NeVoCGPS network

The NeVoCGPS network consists of 30 perma-
nent stations located in the Neapolitan volcanic district
and surrounding area (Figure 1).

All stations have been equipped with data trans-
mission channels and with antennas to reduce multi-
path interference effect (choke-ring design).

Due to the high urbanization of the area and the
considerable logistical constraints on siting (undisturbed

000
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view of the sky for clear signal reception, power con-
nection, data transmission and instruments protection),
most of the stations are monumented on the roof of
stable buildings through three-dimensional forced cen-
tering devices for precise antenna set up. In some cases,
concrete pillars anchored on bedrock are adopted.

At present, 14 stations of the NeVoCGPS network
are operating at CF area (Figure 1). Some stations have
been active since 2000 (Table 1).

First observation Time span interval

Station (decimal year) (year)
ACAE 2000.1 13.5
ARFE 2000.7 12.9
BAIA 2000.1 13.5
FRUL 2008.1 5.5
IPPO 2000.0 13.6
LICO 2003.2 10.4
MAFE 2010.5 3.1
MORU 2007.8 5.8
NISI 2009.3 4.3
QUAR 2000.0 13.6
RITE 2000.4 13.2
SOLO 2009.1 4.5
STRZ 2008.0 5.6
VICA 2009.0 4.6

Table 1. First observation and time span interval of the GPS sta-
tions used in this paper.

Gulf of Naples

Ischia Island

H
NeVoCGPS
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005 1 2
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Figure 1. Map of NeVoCGPS network. Red triangles indicate GPS permanent stations. The box on the left shows CF area and the stations

used in this paper.
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2.1. Data recording

Every day, 24 hours of observed dual-frequency
GPS data, with 30 seconds sampling rate and 15 degrees
cut-off angle, are downloaded from each site to the Os-
servatorio Vesuviano [Tammaro et al. 2013]. The data
quality have to be quickly and accurately tested before
their processing and storage in a database. The Osser-
vatorio Vesuviano uses an in-house automatic applica-
tion (SETA) for a quality check. It makes use of freeware
programs, e.g. TEQC software, [Estey and Meertens
1999], to translate from the binary receiver format to
the standard RINEX format, perform a quality check of
the data and transfer the data files in an archive.

All the procedures for remote stations managing,
raw data downloading, RINEX files generation and data
quality control work automatically [Tammaro et al.
2013].

2.2. Data processing

Data processing is performed by the Bernese Pro-
cessing Engine (BPE) of the Bernese GPS software v.
5.0 [Dach et al. 2007] in double difference mode. The
data are processed on a daily basis using the Ultra-rapid
International GNSS Service (IGS) products [Dow et al.
2009], in a fully automated processing chain. Once the
IGS final orbits and Earth rotation parameters (ERPs)
become available, the data are reprocessed on a weekly
basis. The elevation cut-off is set at 15° and the IGS ab-
solute phase center variations for the satellite and re-
ceiver antennas are modeled.

Independent baselines are selected taking into ac-
count the criterion of maximum common observations.
The ambiguity resolution is based on the Quasi Iono-
sphere Free analysis [Mervart et al. 1994]. Daily coor-
dinates of the stations are estimated, together with the
troposphere, in the final ionosphere free L3 solution.
The dry part of the troposphere is modeled using the
dry-Niell a-priori model and estimating the troposphere
zenith delay parameters every hour at each site using
the wet-Niell mapping function [Niell 1996].

The daily and weekly normal equations (NEQs)
are saved for subsequent combination.

In order to get high-precision results, the utiliza-
tion in the processing of homogeneous GPS products
(orbits and ERPs), same correction models (e.g. antenna
phase center variations) and precise and stable reference
frame is essential.

During the time span (2000-2013) different im-
provements were introduced by the IGS into the pro-
cessing strategies and modeling of global GPS solutions
and different reference frames were adopted.

Since 2000, the IGS has used its own realizations
of the successive ITRF releases as reference frames for

its products. In November 2006, a reference frame
based on I'TRF2005 [Altamimi et al. 2007], called IGSO05,
was adopted by the IGS, simultaneously with the
switch from relative (igs_01.pcv) to absolute antenna
phase center calibrations (igs05.atx) [Schmid et al.
2007]. Because of growing velocity propagation errors
and of jumps having affected the positions of many ref-
erence stations, IGS05 has become obsolete. So, a new
reference frame based on I'TRF2008, called IGS08, was
designed and officially adopted by the IGS starting with
GPS week 1632 (April 17, 2011). Furthermore, an up-
dated set of absolute antenna calibrations (igs08.atx)
was adopted [Rebischung et al. 2012].

These changes have made the previous IGS prod-
ucts inhomogeneous and inconsistent over time, intro-
ducing discontinuities into the time series of GPS station
positions.

In order to get homogeneous results, all the GPS
data of the NeVoCGPS network collected before No-
vember 2006, have been reprocessed using orbits and
ERPs obtained by GPS-PDR reprocessing project of the
global reference network based on absolute antenna
phase center calibrations [Steigenberger et al. 2006].

Station specific discontinuities due to the antenna
calibration updates from igs05.atx to igs08.atx are cal-
culated with latitude-dependent correction models pro-
posed by [Rebischung et al. 2012]. Also discontinuities
associated with equipment changes (e.g., due to the re-
placement of antennas and/ or tracking receivers, change
of the radome on the antenna, firmware updates, etc.)
are estimated. All discontinuities are introduced in the
station information file as antenna eccentricities, and,
after a final NEQs combination, we generate the up-
dated time series of station coordinates.

The geodetic datum is realized by three No-Net
Translation conditions imposed on a set of six IGS08

. North East Up
Station
(mm) (mm) (mm)
CAGL 12725M003 -2.1 2.6 -3.5
GRAS 10002M006 2.5 3.3 0.9
MATE 12734M008 2.5 -3.4 2.2
NOT1 12717M004 -2.2 -0.8 0.2
WTZR 14201M010 0.9 2.3 -3.5
ZIMM 14001M004 -1.4 -4.0 3.7
RMS / Component 2.2 3.2 3.0
RMS of Helmert
3.3 mm

transformation

Table 2. Residuals from Helmert transformation between 1GS08
and our solution for the reference stations.
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Clockwise from top left: Figure 2. GPS weekly time series of North
component for CF stations relative to ENAV station. Uncertainties
are not shown here, but are reported in data files (Supplementary
material). Curves have been arbitrarily shifted for clarity. See Fig-
ure 1 for the location of the GPS stations. Figure 3. GPS weekly
time series of East component for CF stations relative to ENAV sta-
tion. Uncertainties are not shown here, but are reported in data files
(Supplementary material). Curves have been arbitrarily shifted for
clarity. See Figure 1 for the location of the GPS stations. Figure 4.
GPS weekly time series of Vertical component for CF stations. Un-
certainties are not shown here, but are reported in data files (Sup-
plementary material). Curves have been arbitrarily shifted for
clarity. See Figure 1 for the location of the GPS stations.

reference stations (Minimum Constraint Solution), which
are included in the processing.

Table 2 shows the difference between the IGS08
coordinates and our estimated values for the reference
stations. Residuals demonstrate the consistency of es-
timated coordinates with IGS08 at level of 3.3 mm in
total RMS after the Helmert transformation.

3. GPS time series

The estimated IGS08 horizontal components
(North and East) of the time series primarily reflect a
rigid motion of the Eurasian plate with an average rate
of about 2.5 cm/yr in the NE direction. Therefore, to
eliminate the global tectonic motion and highlight the
volcanic deformation, we define a local reference frame
based on the NeVoCGPS reference station ENAYV, lo-
cated on the limestones of Sorrento Peninsula, outside
the volcanic area, and with long time span of measure-
ments and constant horizontal velocities [De Martino

EAST Position (cm)

VERTICAL Position (cm)

| [® soo
34 ® Nisi
1 | ® Acae
32 | ® IPPO ;'/”
FRUL Vad
1 | ® wmare FEN
30 |® auar <
@® RITE /“"’( r !gv»
b VICA .
28— |® uco MW::I/'.,-/‘
MORU S r
1 ® sTRz Eaatd i
26 — ©® BAA
1 @ arre o
£ H
e AN 7
i ~, i J
A), Ii\ V'S\ . P Y
224 un "\ U ""iw‘m ///
4 _,—/ \v '\'Wﬂf ’ m/““.
20 R ,-m"' v .
— Fo
PN e, i’lw-/“‘ e
18 —| Nt et e
w«sw
P
16 — e e L
] . NI st tnst o
_ N,
14 i,
4 P g
12 R NSO .
_‘-\ P o N e s
104 7T ™ P,
1~ o - .
s ™ “\\x\v
6 N -
4 ”‘-u.‘. \\"
4 B
l \
2 — H
] N,
0 T 1 T T T T T T T T 1
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
Time (year)
50 —
] Ja
M
48 — 7
46 —|
44 ¥

.

ERG W

e

s

E . A

g ;
LA T ~
,«M’ s

I
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Time (year)



GPS TIME SERIES AT CAMPI FLEGREI

et al. 2011, Tammaro et al. 2013]. We simply remove
the ENAV horizontal GPS velocities (16.5 mm/yr and
21.3 mm/yr, in the North and East component respec-
tively) from all GPS time series of the CF area, while
the vertical (Up) components were untouched.

The deformation signal does not have significant
changes on timescales shorter than a week, so we use
weekly combined solutions. As an indicator of realis-
tic uncertainties of the weekly positions, we use the
RMS of daily solutions with respect to the weekly so-
lution, the so-called repeatabilities [Steigenberger et
al. 2012]. The mean RMS values are less than Imm
and 3 mm in the horizontal and vertical components,
respectively.

Figures 2, 3 and 4 show the final GPS weekly posi-
tion time series for the stations at CF from 2000 to July
2013. In the Supplementary material, we report the
complete archive in ASCII format of all the GPS time
series used in this paper.

4. Discussion

GPS data at all the continuous recording stations
from 2000 to 2013 are shown in Figures 2, 3 and 4 dis-
playing the whole evolution of the subsidence and
uplift.

During this period, the RITE station, located at the
center of Pozzuoli, has the largest associated uplift, of
about 18.5 cm (Figure 5). The ACAE, ARFE, SOLO,
STRZ stations (Figure 4), located within about 3 km
from RITE, have smaller vertical displacements from 6
cm (ARFE) up to 17 cm (ACAE). The other stations, lo-
cated over 3 km from RITE, have vertical displacements
from less than 1 cm (MAFE, FRUL) up to 6 cm (IPPO).
Figures 2 and 3 show that the SOLO, ACAE, IPPO,
FRUL and MAFE stations have horizontal displace-
ments in NE direction. The RITE, VICA, LICO, MORU,
STRZ and RITE sites have horizontal displacements in
NW direction. NISI has a displacement towards SE and
BAIA in SW direction. Only QUAR has a horizontal dis-
placement mainly to North.

As mentioned in the introduction, CF are known
worldwide to be a site of notable slow vertical ground
movements (uplift and subsidence) and, as noted in
several papers [e.g. De Natale and Pingue 1993, De Na-
tale et al. 1997], the shape of vertical ground deforma-
tion pattern is remarkably constant, independent from
the total amount of displacement. This characteristic
behavior suggests that the position of the source is al-
ways the same. The precise modeling of displacement
sources generally requires a dense geodetic data sam-
pling, therefore it is possible to use continuous GPS
measurements to extract basic information about
source geometry and depth.
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Figure 5. GPS weekly time series of Vertical component for station
RITE: (a) 2000-2006 time span; (b) 2007-2013 time span. The gray
box indicate the selected seven uplift periods (Up1, Up2...,Up7).

During period 2000-2013, we have identified, in
the RITE time series, 7 episodes of uplift with time
span greater than 0.23 years and/or a speed greater
than 18 mm/yr. Figure 5 shows the horizontal dis-
placements observed during the selected 7 uplift pe-
riod. Simple geometrical considerations (crossing
point of the displacement vectors for each uplift) sug-
gest a stable source location. Therefore, for each uplift
episode, we jointly invert the horizontal and vertical
displacements measured at GPS stations. We have
used dMODELS software package [Battaglia et al.
2013a,b], which provides MATLAB functions and
scripts to invert GPS data for spherical pressure source
in a homogenous, isotropic, elastic, flat half-space.
The seven sources obtained by the inversion results
(0.4 < x%2<1.1) are concentrated in an area (South of
RITE station, Figure 6) of 130 X 260 m at depth rang-
ing between 2400 and 3000 m.

Although the real conditions might be much more
complex, it seems plausible to assume a constant posi-
tion of the source of ground deformation. Neverthe-
less, it is unequivocal that the location of the axis of the
pressure source is remarkably constantly, although the
source depth and shape can change [De Natale and
Pingue 1993, De Natale et al. 1997]. Therefore, simula-
tions with more complex sources in heterogeneous
structures are needed.



DE MARTINO ET AL.

(Up1) march - august 2000 | | (Up2) november 2005 - november 2006

L (Up4) april - june 2011 L

4 . f < -

'\.,\\ .
S

Up displacements (mm)
Ll e

0 5 101520 25 30 35 40 45 50 55 60

Figure 6. The vectors show the magnitude and direction of displacement of each continuous GPS station during the selected 7 uplift peri-
ods in Figure 5. For each period have shown the position of the source obtained by means joint inversion of horizontal and vertical dis-
placements, and uplift map.

5. Conclusion complete dataset of GPS time series at CF caldera

In this paper we have presented the part of the from 2000 to July 2013. The CF caldera appears to be
NeVoCGPS network that includes CF caldera. We have in a constant motion both in uplifting and in dowlift-
described data recording and data processing of the ing, and NeVoCGPS network has been able to meas-
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ure uplift and subsidence during period 2000-2013.

Simple geometrical considerations, and jointly in-
version of the horizontal and vertical displacements
measured at GPS stations seem to suggest a stable
source location during the time interval from 2000 to
2013. Nevertheless, complex models with one or more
sources and heterogeneous half-space are needed.

The complete dataset of GPS time series at CF
area from 2000 to July 2013 is reported in the Supple-
mentary materials. These data can be useful for the sci-
entific community in improving the research on CF
caldera dynamic and hazard assessment.
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