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Abstract

We analyse tiltmetric time series recorded at borehole instruments recently installed at Campi
Flegrei caldera (Italy), a volcanic area subjected to the phenomenon of bradyseism, which
consists in fast ground uplift phases alternated to slow subsidence. For the first time, we evaluate
the crustal response in terms of ground tilting of the entire caldera to external excitations such as
long/medium-period tidal constituents, by adopting Independent Component Analysis. Indeed,
we recognize diurnal (solar) and long-period (fortnightly and monthly) components,
superimposed to the normal deformation trend of the area. They show well defined polarization
directions and are associated with an oscillatory deformation pattern with the same periodicity of
corresponding tidal constituents. The comparison with the local geology evidences that the tidal
tilting is controlled by the local stress field distribution and the rheology, thus inducing

structural and thermoelastic site effects.

Keywords: Tidal tilting, crustal response to earth tides, Campi Flegrei caldera

1 Introduction

A large number of geophysical time series often shows, superposed to the small time
scale signals (seconds to hours), a periodical/quasi periodical behavior on long time scales that
goes from semidiurnal up to seasonal/annual. Indeed, long-period amplitude variations have been
observed in gravimetric data [Berrino and Corrado, 1991], ground deformation [Dong et al.,
2002, Prawirodirdjo et al., 2006, Bottiglieri et al. 2007, 2010; Ben-Zion and Allarm, 2013],
seismic noise [De Lauro et al., 2013; Hillers and Ben-Zion, 2011] and ocean tides [Capuano et

al., 2011, 2012]. Cyclic patterns have also been found in earthquake triggering [e.g., McNutt and
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Beaven, 1981; Bettinelli et al. 2008], seismic velocity changes [Hillers et al., 2015] and energy
release [De Lauro et al., 2012a].

These variations are related to distinct mechanisms, often ascribed to rain and hydrologic
phenomena [e.g., King et al., 2007], atmospheric pressure [e.g., van Dam et al., 2010],
thermoelastic strain [Berger, 1975; Ben-Zion and Leary, 1986] and solid earth tides [Dong et al.,
2002]. In many cases, long time series show a superposition of several effects ascribable to
different external causes, which are considered as a background noise to be removed in order to
isolate the non-seasonal processes related to the intrinsic crustal and source dynamics. This is
particularly true in volcanic areas where the geophysical signals associated with the intrinsic
dynamics (e.g. magmatic mass movement, pressure changes in the feeding system, inflation
episodes, hydrothermal fluid migration) can be masked by such external “disturbances”.

On the other hand, rather than a disturbance to be removed, long-period modulations in
geophysical time series can reveal significant information on the shallow earth structure, because
they represent the response of the rocks to the stress field variation. Therefore, they can provide
indications on the crustal stress state at depth, the rheology and the presence of inhomogeneities
in the medium [Lambotte et al., 2006, Ben-Zion and Leary, 1986, Ben-Zion and Allarm, 2013],
shedding light on the background state from which transient phenomena (such as tectonic and
volcanic earthquakes, explosion-quakes, long-period events) can nucleate [see Hillers et al.,

2015].

Moreover, tidal scale modulations of geophysical observables are also useful to infer
significant information on the volcano source dynamics and for modeling the volcanic system
[McNutt and Beaven, 1981]. For instance, De Martino et al. [2011a, 2011b] showed that the

eruptions of Stromboli volcano were preceded by tidal precursors, linked to the duration of the
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eruptive episodes, which yield the Strombolian dynamics from the stationary phase towards the
non-stationary state culminating with the eruptions. Additionally, De Lauro et al. [2012a, 2013]
observed a diurnal modulation of the temporal energy release both of long continuous seismic
data and of long-period (LP) events at Campi Flegrei (Italy), revealing the tidal influence on the
mechanism of fluid charge/discharge in the branches of the hydrothermal system. Recently, the
role of earth tides has also been recognized in modulating the occurrence of volcano-tectonic
seismicity at Campi Flegrei, thus evidencing how exogenous phenomena contribute to the
dynamics of the area (Petrosino et al., 2018).

Among the geophysical signals, tiltmetric measurements represent a useful tool for
monitoring ground deformation in volcanic areas. However, as for other geodetic measurements
[see, e.g., Dong et al., 2002; Bottiglieri et al., 2010], the tiltmetric recordings are affected by
environmental factors (temperature, thermoelastic strain, atmospheric pressure), which have to
be removed, or at least reduced, for improving the signal to noise ratio [Ricco et al., 2003]. The
more the interesting signals are denoised from disturbances due to temperature, pressure, tides,
etc., the more information can be extracted on the behavior of a volcano. Regarding the earth
tides, of course, they affect the tiltmetric series with very strong contribution in the semidiurnal
and diurnal bands. A first pre-filtering, indeed, removes those constituents to better focus the
attention on the long-period components, which contain information about the trend of the tilting
on the long time scale.

In the present paper, we investigate borehole tiltmetric series recorded at Campi Flegrei
since their recent installation in March 2015. Compared with the signals recorded by surface

sensors, the borehole installations are less affected by environmental factors such as temperature
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gradients, pressure, rainfall and variations in the aquifers, which can mask the actual deformation
pattern.

The main aim of our work is to evaluate the effects of the long-period tidal external
sources on the crustal area and to infer information on the medium response to that tidal loading
from the tiltmetric data. To achieve that goal, we have developed a new approach based on an
Independent Component Analysis [ICA; Hyvérinen and Oja, 2001] to identify the independent
sources buried in the tiltmetric trend. In fact, techniques based on ICA have found relevant
developments in geophysical applications and recently it has been successfully applied to obtain
decomposition of seismic signals [Acernese et al., 2003; Capuano et al., 2016; Ciaramella et al.,
2004, 2011; De Lauro et al., 2012a, 2012b, 2016; Capuano et al., 2017] as well as GPS time
series [Bottiglieri et al. 2007, 2010, Gualandi et al., 2015, 2017], thus providing promising
perspectives. Our analysis of the tiltmetric time series reveals that besides the trend related to the
internal dynamics (ground deformation), the tiltmetric signals also contain tidal sources: i.e.
diurnal (S1), luni-solar fortnightly (Mf) and lunar monthly (Mm). All these components show
precise polarization directions, stable over the time, possibly conditioned by the local stress

distribution and the geological features.

2 Tiltmetric Data at Campi Flegrei

The current tiltmetric monitoring network of Campi Flegrei [Ricco et al., 2003; Aquino
et al., 2016] consists of ten stations: four surface short baselength platform AGI 702 tiltmeters
[AGI, 1997], three AGI 722 tiltmeters installed in shallow wells, and three borehole digital Lily
tiltmeters (HDM, ECO and CMP). The last new tiltmetric stations are equipped with digital

sensors model “Lily Self-Leveling Borehole Tiltmeter” (Jewell Instruments ex AGI),
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instrumented with a self-levelling bubbles electrolyte on a range of = 10 degrees, with a dynamic
range of + 330 pradians and a resolution less than 5 nradians. The tiltmeter package includes a
magnetic compass and temperature sensor [Jewell Instruments, 2013]. Tiltmeters are installed
into 25 meter deep boreholes to attenuate fluctuations of temperature of the ground’s surface
(Table 1). Ground tilt variations, recorded with a sampling frequency of 1 sample/minute (each
sample is the mean value of 8000 acquisitions every 7.5 ms), are measured along two orthogonal
directions aligned along the WE and NS axes. All the stations are distributed around the
maximum ground uplift area (corresponding to the city of Pozzuoli) measured during the last
three unrest episodes between 1969-1972, 1982-1984 and 2005-present by the periodical leveling
surveys [Del Gaudio et al., 2010; D'Auria et al., 2011].

In this paper, we analyze the data from the borehole stations HDM, ECO and CMP
(Figure 1, Table 1), which were installed in 2015, with the aim of studying more in detail the
ongoing unrest phase at Campi Flegrei.

The time evolution of the deformation pattern at Campi Flegrei is reported in Figure 1:
the curves originating from the three tiltmeters indicate the cumulative tiltmetric variation
recorded since March 29, 2015 to December 31, 2016. The evolution of the deformation field is
thus described by the tilt direction; a non-uniform ground uplift at Pozzuoli is reflected in a non-
radial pattern. Moreover, the time series (Figure 1 and Figure 2) spanning 21 months show some
anomalies on the EW components of two stations ECO and HDM.

Indeed, the latter recorded sharp changes in the tilting direction during the seismic swarm
occurred on October 7, 2015; ECO drifted on the EW component on April 28, 2016 and this
slow tilt lasted about 1 month, with a decrease of = 0.05 © C on the well temperature. To avoid

contamination of the signals by these phenomena, the tiltmetric series were fragmented in order
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to have as long as possible continuous and contemporary recordings into three fixed time
intervals: 3/29/2015+9/30/2015 (I Period - PI), 10/30/2015+4/15/2016 (Il Period - PII) and
5/30/2016+12/31/2016 (I11 Period - PIII). These intervals correspond to different rates of the
vertical displacement derived from the GPS measurements at RITE station as shown in Table 2

(data taken from http://www.ov.ingv.it/ov/bollettini-mensili-campania/Bollettino Mensile Campi

Flegrei 2017_09.pdf). From the data reported in Table 2, an overall slowly decreasing trend of

the ground uplift velocity occur over the whole time span, although the rate of vertical
displacement approaches to zero between the first and the second interval while it increases

considerably between the second and the third interval.

3 Data Analysis: identification of the tidal components

We wish to quantify the long-period components in the tiltmetric data, because they can
shed light on the vibration modes of the interested area, indicating the background state on which
specific deformation trends (eventually due to the internal dynamics of the volcano) may
superpose.

3.1 Harmonic analysis

It is well-known that the tiltmetric recordings are strongly affected by semidiurnal and
diurnal tidal constituents [Sleeman et al., 2000]: indeed, the power spectrum of tiltmetric time
series often shows large amplitude harmonics (such as M2, S2, S1 and K1), which are usually
removed by filtering procedures before data processing [Ricco et al., 2003, 2007, 2013].

As a standard procedure, we first estimated both the barometric pressure and temperature
contributions in our tiltmetric data, considering the pressure recorded by a station located in

Solfatara and the temperature measured by the thermometers supplied with the borehole
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tiltmeters. The contributions resulted less than 3% and 0.5% of the variance, respectively, at the
depths where the instruments are installed. Thus their effects are negligible in the tiltmetric time
series and do not affect the tilt field at medium and long time scales (Ricco et al., 2007).

We performed a harmonic analysis in order to derive the main tidal constituents in the
tiltmetric data. By using the T_Tide software [Pawlowicz et al., 2002], we estimated the
amplitudes (and their uncertainties) of the tidal constituents on the EW and NS components of
the unfiltered time series (Figure 2) recorded by the three tiltmeters. The observed amplitudes
(Table 3) were then compared with the predicted ones retrieved by using GOTIC2 program
(Matsumoto et al., 2001), by estimating the observed-to-predicted ratio for each constituents. For
the diurnal and semidiurnal constituents we found average ratio values on the order of 2. The
values are in agreement with those calculated for the O1 and M2 constituents using data from
Michelson tiltmeters installed at Campi Flegrei (Amoruso et al., 2015). On the other hand, the
average amplitude ratios for the long/medium period constituents (Mf and Mm) exceed about 15
and even 40 times those theoretically estimated. The observation of such anomalous high
amplitude ratios suggests a possible amplification effect at long/medium period time scale in
response to tidal forcing, that deserve further investigation. In order to improve the results of the
harmonic analysis, more performing tools of inspection are needed, as we will discuss in the
next section.

3.2 Independent Component Analysis

To gain more insight into the nature of the observed long/medium-period tidal
constituents and better comprehend their effects on the tiltmetric series, we adopt an ICA based
approach, aimed at the extraction of the statistically independent sources of deformation that

generate the observed tilt data. The technique is based on a fourth-order statistics and makes
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decomposition of mixtures into independent time sources. The mixing model is written as
x; = X} a;s;, where x is an observed m-dimensional vector (tiltmetric recordings), s is an n-
dimensional random vector whose components are assumed to be mutually independent; a;; are
the constant elements of an unknown m x n matrix A [Hyvérinen and Oja, 2001]. Specifically,
we use the FastlICA algorithm (available at the URL https://research.ics.aalto.fi/ica/fastica/),
which seeks an orthogonal rotation of pre-whitened data, through a fixed-point iteration scheme,
that maximizes a measure of non-Gaussianity of the rotated components. FastiICA has the
advantage to have a quadratic convergence, much faster than other approaches based on the
linear convergence obtained by gradient methods.

A limitation of the technique is related to the number of extracted Independent
Component (ICs) which is at maximum equal to the number of the input signals. If the number
of independent sources is greater than the input signals, an optimal separation of the components
is not guaranteed. Another drawback can arise by the presence of dominant sources in the
original time series: in this case, some extractions can be redundant with the consequence of
further decreasing the number of extracted ICs. In addition, whenever a source is dominant
compared to the others, residual contributions can be often observed in the other extracted
sources. Nevertheless, these shortcomings can be partially overcome by an appropriate pre-
filtering procedure aimed at restricting the frequency band of analysis and possibly decreasing
the number of independent sources in the original signals. The identification of non-redundant
signals can be achieved by using Principal Component Analysis (PCA), a well-established
method that reduces the dimensionality of the original data in such a way that the data variance

in the lower dimensional space is maximized (Bishop, 1995; Hyvarinen et al., 2001). In this way,
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PCA is complementary to ICA, thus fixing the number of significant independent components to
be extracted.

Indeed, the application of the ICA to our unfiltered tiltmetric dataset lead to a separation
with dominant seasonal components mixed to long/medium-period and diurnal/semidiurnal ones.
(Figure S1 in the Supplementary Material). In order to better focus on the sources of
long/medium-period deformation, we filtered the detrended time series between 1-30 days by
using a 3-pole butterworth filter. Then, for each sub-interval PI, PIl and PIIl, data were
organized in a matrix, whose columns corresponds to the NS and EW component of each
tiltmetric station; the dimension of the data matrix is Nx6, where N is the number of points of the
time series. In each sub-interval, the application of PCA leads us to identify three representative
principal components retaining 90% of the information content. FastiICA algorithm provides
three non-redundant ICs characterized by well-defined dominant spectral peaks, reported in
Table 4. As already mentioned, the ICA does not isolate the content of a single tidal constituent,
hence some PSDs show multiple peaks; however, one dominant peak corresponding to a specific
constituent is always enhanced in each IC.

Keeping in mind the Rayleigh criterion (Godin, 1972), two constituents are resolved if
their frequencies, f; and fj, satisfy the relation (f; - f))-t > R, where t is the record length and R is
the Rayleigh constant generally equal to 1. According to that criterion, the ICs with monthly
periodicity are compatible with the lunar monthly Mm (T=27.55 days) and those with fortnightly
period are related to the lunar fortnightly Mf (T=13.66 days). Moreover, some ICs with period of
nearly 18 days (not ascribable to any tidal constituent) are also extracted. Regarding the 1Cs with

diurnal periodicity, it is important to note that the length of the time recordings allows to resolve
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between solar and lunar contribution. On this basis, the extracted 1Cs with period of exactly 24h
correspond to the solar diurnal S1.

In order to highlight the relevant information extracted by ICA, the attention is focused
on the non-redundant ICs (Figure 3), which were selected on the basis of their spectral content
among those obtained for the sub-intervals PI, PIl and PIIl. To summarize, considering the union
of all the extracted components over the three time intervals PI, PIl and PIIl, we have in total
four ICs: three effective tidal constituents (Mm, Mf, S1) plus a 18-day component (Figure 3).
The latter is likely to be ascribed to residual barometric pressure variations, related to the air
circulation and planetary waves (such as Rossby waves) in the atmosphere [see, e.g., Campello et
al., 2004, Lopez-Gonzélez et al., 2009]. Indeed, the spectrum of the pressure time series detected
at a barometer located in Solfatara area shows a nearly 18-day periodicity, as shown in Figure S2
of the Supplementary Material.

An interesting observation regards the seasonality of the different ICs over the three
periods. In particular, PI that mainly corresponds to spring and summer time is characterized by
a strong solar, diurnal contribution and by monthly constituents. A similar consideration also
holds for PIII (which encompasses spring and summer time, plus some winter months). On the
contrary, in PIl (autumn and winter period) mostly fortnightly (Mf) constituent appears. A check
performed by applying ICA to the entire time record (21 months), in order to increase the
temporal resolution confirms that the extracted ICs correspond to the Mm, 18-day and S1; in this
case, the Mf is not extracted, probably masked by the large amplitude constituents Mm and S1
throughout the considered interval. The results are shown in Figure S3 of the Supplementary

Material.
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To get more insight on the nature of the observed tidal components, the tiltmetric time
series were narrow-band filtered in the frequency bands corresponding to the ICs. The starting
three bands were centered on the frequency of the extracted tidal constituents (Mm, Mf and S1),
then the filter boundaries were optimized by iteratively maximizing the correlation function
between the ICs and the filtered series [Acernese et al., 2004; De Lauro et al., 2009, 2012b]. The
iteration procedure was carried on until the correlation coefficient reaches a values of 0.9; it
generally took a few iterations. The obtained signals narrow-band filtered around the peaks of
the independent sources can be considered as the tiltmetric “image” of the ICs (Figure 4). As
expected, the S1 component shows an amplitude modulation on a seasonal scale (i.e. it attains
the maximum amplitude in Pl and PIII), particularly evident at the CMP tiltmeter. Instead, no
evident seasonal amplitude variation occurs at HDM site. The difference in the amplitudes at the
three stations could be indicative of a sort of “site effect” (e.g. the three sites have different
response to the external S1 source).

3.3 Diurnal and long-period tilt pattern

To investigate the pattern related to the extracted tidal constituents, we estimated the
azimuth of the tilt vector corresponding to the filtered signals at each site for both the three sub-
intervals (PI1, PIl and PI1I1) and the entire period. The azimuth (clockwise from the North) were
evaluated over sliding time windows with length equal to the period of each tidal constituents
and overlap of 88% for the Mm and Mf, and 50% for the S1.

The resulting values range in a narrow interval (Figure 5), indicating that the ground tilt
occurs on preferential planes with an oscillatory pattern, which depends on the periodicity of the
corresponding tidal constituent. In particular, for the Mm and Mf constituents, at HDM and CMP

tiltmeters, the azimuth directions (ESE-WNW and nearly E-W) remain roughly constant and
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almost parallel throughout the entire period of observation of 21 months. At ECO site the ground
tilt has an average NE-SW azimutal direction. At a shorter time-scale, a difference of about 60°
of the azimuth value is observed during PIl (compared to Pl and PIIl). Regarding the diurnal S1,
at CMP and ECO sites the azimuths are almost constant, (E-W and NE-SW respectively). At
HDM a slight azimuth variation (30-40°) between PI-IlIl e PIl is observed; the dominant
direction over the 21 months is NW-SE.

The W-E and S-N components of the three extracted tidal constituents are combined into
a vectorial plot of the tilt variation over the time. The least-squares best fit of the particle motion
thus obtained identifies the predominant directions along which the ground tilts with diurnal,
fortnightly and monthly periodicity. The resulting tiltmetric vectors for the three tidal
constituents are shown on the map of Figure 6: the Mm tilting amplitude is more than twice the
Mf both at CMP and HDM and, as already discussed in Section 2.2 (Figure 4), the S1 amplitude
IS maximum at CMP and minimum at HDM. For all the three constituents, the tilt direction of

ECO forms an angle of about 40-60° with those of CMP and HDM.

4 Discussions and Conclusions

In the present paper, we apply the ICA to tiltmetric recordings and demonstrate its ability
in successfully separating the tidal contributions with different periodicity in the original signals.
As shown by Bottiglieri et al. [2007, 2010] and by Gualandi et al. [2015] who analysed geodetic
GPS time series, our results confirm how powerful the method is for treating tilmetetic data too.
Our application of ICA to the borehole tilmetric time series at Campi Flegrei reveals the ground
tilt response to diurnal, fortnightly and monthly tidal deformations. In other words, the

astronomical earth tides have an effect on a large area of the caldera, inducing ground
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oscillations with the same periodicity of the tidal constituents. These oscillations are “captured”
by the borehole tiltmeters as a ground tilting along well defined planes with nearly a constat
orientation.

We find evidence that the general directions of the tilting planes is constrained by the
local stress field. Indeed, from the study of the distribution and orientation of faults and fractures,
a complex pattern of the stress field at Campi Flegrei caldera emerges [Vitale and Isaia, 2014]. In
particular, in the center sector, the fracture orientations are roughly NE-SW and NW-SE, and
the faults indicate a predominant NNE—-SSW extensive regime (see Figure 10 in Vitale and Isaia,
2014). Despite the relative proximity, the tilmetric stations are installed in three sites
characterized by a distinct local kinematics. CMP is located in the area of La Starza, a marine
terrace that is the most uplifted part of the caldera floor, and it is affected by both NNE-SSW
and NW-SE extensive regimes. ECO is situated between La Starza and the Solfatara crater, in a
sector characterized by many faults with dominant NNE-SSW extensive regime. HDM is
installed at the Accademia site, above the Mt. Olibano lava dome, which bounds the south
Solfatara crater. Here, a complex pattern of faults related to both the local stress and the
deformation of the resurgent dome leads to the coexistence of NNE-SSW and NW-SE
extensive kinematics. It is worth to note that the tilt planes orientation retrieved from our analysis
are right along the directions of the extensional axis corresponding to the local stress field. In
other words, the oscillations of the tilting planes at tidal scales thus occur along pre-existing
structural features and their orientation is conditioned by the local stress field.

A support for this hypothesis comes from the comparison between the experimental data
and the theoretical tilt calculated by using the code GOTIC2, considering both solid earth tides

and ocean loading. Indeed, for the long-period constituents, the orientation of the synthetic tilt is
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independent of the sites. We remark that the codes generating theoretical tides do not take into
account the site effects related to the medium/small scale geological structures. In fact, it has
been demonstrated that the theoretical tides can differ up to 30-50% from those observed, due to
both inaccuracy of the tidal models and/or rock properties at the site [Langbein, 2010, Kohl and
Levine, 1995]. Even more so, the deviation of the tilting azimuths from the theoretical directions
we observed suggests the occurrence of a site effect.

We further recognize that the local geology also plays an important role in modulating
the amplitude of the tidal constituents detected in the tiltmetric time series. Indeed, the diurnal S1
constituent, which is strictly related to the insolation, induces a thermoelastic strain, whose
propagation at depth is controlled by the rheology. The proposed model predicts that this strain is
greater for unconsolidated heterogeneus materials [Berger, 1975; Ben-Zion and Leary, 1986].
The stratigraphy, derived (down to a depth of about 25 m) during the drilling operations at
Campi Flegrei, shows that : a) CMP site is characterized by layers of sands alternated to ashes
and pyroclastics; b) ECO site is composed by a sequence of pyroclastic deposits with various
granulometry; ¢) HDM site shows pyroclastics and sands intercalated to lava layers with
thicknesses of about 4-5 m [Aquino et al., 2016]. In the framework of the thermoelastic model,
the loose and unconsolidated soils of CMP and ECO sites would thus cause the observed
amplification of the diurnal S1 constituent, while the harder materials such as lava rocks at HDM
would act as a damper.

In conclusion, we have evidenced that at Campi Flegrei the tidal forces induce an
oscillatory deformation pattern superimposed to the normal trend related to endogenous
phenomena. The orientation and amplitude of the “tidal” tilting are in turn controlled by the local

stress field, the pre-existing structures and the local rheology, thus leading to “structural and
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thermoelastic” site effects. A better understanding of these effects on the tiltmetric recordings
can help in:

1) improving the outline of the local geology (which is also useful to individuate the better sites
for future instruments installation).

2) allowing the calculation of the thermal admittance, whose estimate is necessary to remove the
thermal contribution from the tiltmetric signals.

3) focusing on the internal sources after the removal of the external tidal effects, thus allowing a
better comprehension of the volcanic dynamics of Campi Flegrei caldera.

4) modelling the coupling mechanism between ground deformation and earth tides.

Our results suggest that routine analysis of tiltmeter data by ICA provides additional
information on deformation patterns that can be overlooked by classical analysis. More in
general, the ICA is able to extract the crustal response to the tidal forces, which is controlled by
the fault orientation and the rheology. Therefore variations of the local stress field and/or the
rheology, possibly induced by magmatic or hydrothermal fluid movements can cause changes in
the oscillatory pattern of the deformation. Tiltmeters and strainmeters have potentially high
sensitivity in detecting ground deformation variations (Amoruso et al., 2015); in this framework,
the use of ICA of tiltmetric time series can help in detecting such changes and in monitoring

ongoing unrest phases in volcanic areas.
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Tilt Station Height a.m.s.l. m Depth m UTM N m UTMEm
CMP 62 -24.5 4520828 33T 425228
ECO 89 -24.8 4520474 33T 426646.4
HDM 112 -25.9 4519117 33T 427424
514
515  Table 1. Geographical positions of the borehole tiltmeters.
516
517
3/29/2015+9/30/2015 10/30/2015+4/15/2016 5/30/2016+12/31/2016
| Period 1= 11 Period =11 111 Period
6.73 mm/month 0.0 mm/ month 6.18 mm/ month 13.34 mm/ month 4.51 mm/ month
518
519  Table 2. GPS Station RITE (Pozzuoli, Rione Terra): rates of the vertical displacement.
520
521
Tidal Amplitude (ur) Amplitude (ur) Amplitude (ur) Amplitude (ur) Amplitude (ur) Amplitude (ur) | Pred. Amplitude (ur) Pred. Amplitude (ur)
Constituent CMP NS CMP EW ECO NS ECO EW HDM NS HDM EW NS EW
Mm 0.0347 £ 0.004 0.1027 + 0.005 0.0574 + 0.004 0.1485 £ 0.019 0.0465 £ 0.002 0.0624 £+ 0.005 0.0036 0.0003
Mf 0.0286 + 0.004 0.0758 £ 0.005 0.0229 £+ 0.003 0.1339 £0.016 0.0200 £ 0.002 0.0355 £ 0.005 0.0067 0.0004
01 0.0076 + 0.004 0.0135 £ 0.006 0.0122 + 0.005 0.0176 £ 0.020 0.0083 £ 0.003 0.0158 £ 0.007 0.0045 0.0155
S1 0.0180 £ 0.005 0.1673 £ 0.006 0.0928 £ 0.006 0.1135 £ 0.026 0.0292 £ 0.004 0.0195 £ 0.007 - -
K1 0.0080 £ 0.004 0.0738 + 0.006 0.0291 £+ 0.003 0.0222 £ 0.022 0.0433 £0.003 0.0094 £ 0.005 0.0090 0.0213
M2 0.0540 + 0.004 0.0341 £ 0.004 0.0610 + 0.003 0.0332 £0.019 0.1382 £ 0.002 0.0086 £ 0.005 0.0279 0.0297
522
523  Table 3. Observed and predicted amplitudes of the tidal constituents on the NS and EW
524  components of the three tiltmeters. Predicted amplitudes are estimated by means of GOTIC2
525  including the ocean loading, and averaged over the three sites.
526
527

528



Time interval | IC, period (days) | TC | IC, period (days) | TC | ICs period (days) | TC

| 18.6 - 110 S1
I 18.8 -
I 20.1 - 1.0 S1
529
530

531  Table 4. Main spectral peaks of the ICs obtained for the three investigated time intervals (PI, PII
532 PIIl) and likely associated with a tidal constituent (TC). The different colors indicate the
533  association with the ICs shown in Figure 3.
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Figure Captions

Figure. 1 Map of the Campi Flegrei caldera, superimposed on a grid representing the two-
dimensional plane of ground inclinations, in which each mesh is equivalent to a tiltmetric
variation of 20 uradians over a distance of 1 km. The three sites CMP, ECO and HDM are
distinguished by different colors (red, green and blue, respectively), as well as the curves that
originate from them: the latter indicate the cumulative tiltmetric variation recorded since March
29, 2015 to December 31, 2016. Squares and full circles superimposed on the cumulative tilt
variation curves, mark the start and the end, respectively, of the ground tilt occurred in the three

analysed periods.

Figure 2. Ground tilt recorded at CMP, ECO and HDM tiltmeters in 644 days elapsed since
2015/01/01: the colors identify different sensors, dotted and bold lines indicate the NS, EW
components, respectively. The tilt increase on S-N component corresponds to Northward down
with respect to the site station, while the tilt increase on W-E component corresponds to
Eastward down. The signals are also segmented into three time intervals characterized by

different kinematic behaviors.

Figure 3. An example of the four non-redundant ICs selected among those obtained by applying
FastICA to the time sub-intervals PI, PIl and PIII. The time history (on the left) of each ICs is
reported to a common origin chosen as zero; the duration is expressed in days. The
corresponding  power spectral density PSD is shown (on the right). Different colors are

associated to the tidal constituents Mm (ocre), Mf (cyan) and S1 (magenta) listed in Table 4. The
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18-day component, possibly ascribed to medium and long-period variations of the barometric
pressure, is represented in gray. The dashed lines in the PSD plots correspond to the frequencies

of the three tidal constituents and the 18-day component.

Figure 4. Tiltmetric signals filtered in the frequencies bands corresponding to the ICs. Different
colors indicate the tidal constituents Mm (ocre), Mf (cyan) and S1 (magenta). The x axis reports

the days elapsed since 2015/01/01.

Figure 5. (a) Rose diagrams of the azimuths of the tiltmetric signals corresponding to the Mm
constituent (red = CMP, green = ECO, blue = HDM). Each column represents the results
obtained for the different time intervals (PI, PII, PI11I, and the entire period of 21 months); (b) the

same for the Mf constituent; (c) the same for the S1 constituent.

Figure 6. Map of the Campi Flegrei caldera, superimposed on a grid representing the two-
dimensional plane of ground inclinations in which each mesh is equivalent to a tiltmetric
variation of 0.1 pradians over a distance of 1.5 km. The three sites CMP, ECO and HDM are
distinguished by different colors (red, green and blue, respectively). For each of them, the
predominant directions along which the ground tilt with monthly (ocre), fortnightly (cyan) and

diurnal (magenta) period are represented.



Figure 1
Click here to download high resolution image

4528000 . ........... v e ,,,, ........... , i ‘ ............ ATPRhaet Py Privdea , ............ , , ........... Y ........... ; ...........

4524000

Pl R L LT . LT nE 1 ¥ o T T T T . T R T L T - T T e LR LT T

: : s s : : ; : - : ECO : : : : : : s
4520000 _. ........... SOqun:—-

DM M. Glibano 11

4516000 L
417000



http://ees.elsevier.com/epsl/download.aspx?id=1036401&guid=f7521548-7920-491e-9b5b-26982b06be16&scheme=1

Figure 2
Click here to download high resolution image

100 : : :
- w OMF i
e CMP 00 Pl I-1r Pl -1 P
“welOmn
— OO 2w
= w DM
w— DN
—_—
E
-
=
S—
= s
3 PP,
= : ' -
1 o 29383 ccncuwse T e S e Lt L s osasfcsnrnrccccanmnnnn~ T - —————————————— '!: ......
: 1
- :

100 — ' |
100 200 300 400 500 600
: : Time (days) : :
(372972015] ; 19/302015]  {10/30/2015 [@7152016)  [S/3072016) (123172016

iz



http://ees.elsevier.com/epsl/download.aspx?id=1036402&guid=5e8b71b7-dc43-4d2b-992f-26c844690939&scheme=1

Figure 3

Click here to download high resolution image

Amplitude (a.u.)

5 SR S - e
A u
A G N AAm
0N g 1 e | i
f
8 = y . A8 A A " A
0 20 40 60 B0 100 120 140 160
5 . ’
0
5 . v ‘ - X v ‘
0 20 40 60 80 100 120 140 160
5 v Y Y Y Y \ N .
/
0 WR“‘ v .‘.‘. f " W\M‘,{% iV N r‘nﬁ '\{ﬂ} M\ \"\'\'lt"wﬁf
| o '
5 N 2 : a : - - .
0 20 40 60 80 100 120 140 160
= — v v v Y 4 v v

. e -

A

o

Time (days)

100

120

140

PSD (a.u.)

s
)CLL <o -

g = .
10°
_ i
10°
Ly 3
1t .'t " H| i
[l )] |/ '
ol ol !: J" ";“\ ) -I l‘,"‘,! shaa o l -
102 1o 10
‘ "w ~ T
2t |
102 10" 10°

Frequency (cpd)



http://ees.elsevier.com/epsl/download.aspx?id=1036403&guid=9c4e065a-6462-4dd4-be11-a2a3015ffb94&scheme=1

Figure 4

Click here to download high resolution image

Tilt angle (urad)

CMP NS

0.18

0.15 e e s
100 200 300 400 500 600 700

0.15

0.15 S —T ==
100 200 300 400 500 GO0 700

015

0.15

0.15

-0.15

100 200 300 400 500 600 700
Time (days)

015

0.15

100 200 300 400 500 ©00 700

015

-0.15

100 200 300 <00 S00 600 700


http://ees.elsevier.com/epsl/download.aspx?id=1036411&guid=42c2de8a-3533-4a78-9b90-553c761d97d2&scheme=1

Figure 5
Click here to download high resolution image

MV ~n ~
m ' o m ¥ om
» o o o .
CMP v T m “\S" -
W\
= " - 1:
™o - LR
-2~ .0 PO
» o 0 .
ccom & w m "
= " - e
™oL oW
w0 w ' o»
xe .- 0 .
MOM v S W m % "
P - -
™o oo™
™ " ~
9 . o
w » I ™
e . e .
. » ‘h -
CMP oy T - ane )
L' “~ J - (‘Ak' \f
) 1w . m
™o o
0 % )
» o o .
€Co 3 " m - "
= " - u
- - ™

9w = : » ™ v »
N o o @
CMP 2 e W )
s ue - e
oo ow mo e
w» ' o= w ' o.
N B ) @
wom s L ™ - -
P e o o
e W mo .
= o= =8
0 - o / w
HOM " ™ -
”l. 3 _U ”avn( ..0

<

A~

™~ ™
m ' o
» o
l_‘: —
= ak
= o
ok !
LW
-..
» . »
R w
m "
™, ™
o
0 »
m = w
™ .
™, ™
w ¥ ow
» ©
e e
. =
Mmoo
w ¥ o
- "
™ ,
- =
wo ot
P
- ™
P
» "
o ot


http://ees.elsevier.com/epsl/download.aspx?id=1036404&guid=2d5bd4ad-a1bf-4396-a3c7-bbc286890e9e&scheme=1

Figure 6
Click here to download high resolution image

: : z : : : s ; : 0.1 uradians
4525500 ................ ST, WL . .................. ,, .................

: 1.5km

4524000 §i S W - S A e —————————————

4521000 .................. .......... !

4516500 {: o

417000 318500 420000 421500 423000 424500 426000 427500 429000 430500 432000 433500 435000



http://ees.elsevier.com/epsl/download.aspx?id=1036405&guid=e1761ba6-6434-469d-b56f-bb99a16c9af7&scheme=1

