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Abstract. We analyse tiltmeter time series recorded from
April 2015 to March 2019 at three borehole instruments
installed at Campi Flegrei caldera (Italy). We evaluate the
crustal response in terms of ground tilting to external exci-
tations of medium/long-period tidal constituents by apply-
ing a polarization analysis. The azimuths of the tilt vectors
show well-defined polarization directions and the ground tilt-
ing planes oscillate with the periodicity of the corresponding
tidal constituents. For two of the three tiltmeters, the aver-
age ground oscillation pattern related to the monthly Mm and
fortnightly Mf constituents show seasonal variations, which
can be ascribed to rainfall-induced tilting. In addition, for
the same two instruments, a clear seasonal amplitude modu-
lation of the diurnal S1 constituent appears in the time series,
revealing the occurrence of site thermoelastic effects. The re-
sults indicate that the tidal tilting is mainly controlled by the
local stress field distribution and rheology; in addition, sea-
sonal exogenous factors like rainfalls play a role in modulat-
ing the ground deformation.

1 Introduction

Geophysical signals are a superposition of many effects re-
lated to different sources, which act over several time scales,
from seconds/hours up to seasonal/annual. In particular,
ground deformation time series contain distinct components
ascribable to both endogenous, like tectonic stresses, mag-
matic mass movement, hydrothermal fluid migration, and ex-
ogenous mechanisms, like solid earth tides, rainfall and hy-
drological factors, atmospheric pressure variations, thermoe-
lastic strain (Weise et al., 1998; Dong et al., 2002; Wester-

haus et al., 2008; Ben-Zion and Allam, 2013). In many cases,
external phenomena can induce a departure of the deforma-
tion trend generated by internal sources and eventually mask
interesting signals related solely to the intrinsic dynamics
(Dal Moro and Zadro, 1998). Thus, it is important to iden-
tify the external contributions in the time series and remove
them. Otherwise, the analysis of the deformation induced by
exogenous components can be exploited to obtain useful in-
dications on the shallow structure of the medium and its rhe-
ology, as well as on the crustal stress state (Queitsch et al.,
2014; Lesparre et al., 2017; De Lauro et al., 2018). Some-
times the mixing between exogenous and endogenous fac-
tors is so complex that the external causes can even influence
the internal processes (McNutt and Beavan, 1981; De Mar-
tino et al. 2011a, 2011b; De Lauro et al., 2012, 2013; Pet-
rosino et al., 2018; Ricco et al., 2019; Cusano et al., 2020).
As example, recent studies have highlighted that earth tides
modulate the occurrence of long-period volcanic earthquakes
(De Lauro et al., 2012) and volcano-tectonic seismicity (Pet-
rosino et al., 2018) at Campi Flegrei, thus evidencing that ex-
ogenous phenomena play a role in the dynamics of the area.

Often, ground deformation induced by external sources
show a nearly cyclic behaviour on both short (semidiurnal,
diurnal) and medium/long (fortnightly, monthly, seasonal
and annual) terms. Thus, the period of recurrence of a par-
ticular pattern in the ground deformation time series gives
us clues about the possible generation mechanism. As ex-
ample, earth tides induce ground tilt oscillations over diur-
nal, fortnightly and monthly time scales (Dong et al., 2002;
De Lauro et al., 2018). Instead, seasonal trend in ground de-
formation pattern commonly observed in strain and tilt sig-
nals are mainly caused by water infiltration after the rainfalls
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(Wyatt and Berger, 1980; Kumpel et al., 2001; Uhlemann
et al., 2016; Lesparre et al., 2017). Rainfall-induced tilt has
been explained in terms of a variety of mechanisms, e.g. sur-
face loading essentially due to compression of the ground by
the added water mass (Kumpel et al., 2001; Westerhaus and
Welle, 2002; Westerhaus et al., 2008; Lesparre et al., 2017),
thermoelastic strain related by changes in ground tempera-
ture caused by rain (Kumpel et al., 2001), consolidation phe-
nomena of sedimentary layers (Fabian and Kumpel, 2003).
However, the most relevant contribution to rainfall-induced
tilt is related to the process of water infiltration, which mod-
ifies the pore pressure of the medium. Ground deformation
caused by changes of the pore pressure is generally predom-
inant over other generation mechanisms, whose effects can
be negligible or become relevant only in case of particular
geometry such as sloping surfaces (Westerhaus and Welle,
2002; Westerhaus et al., 2008; Lesparre et al., 2017). The
physical process at the origin of ground deformation related
to water infiltration is explained in terms of the theory of
poroelasticity (Wang, 2000; Wang and Kumpel 2003). Ac-
cording to this model, the tilt amplitude is proportional to the
pore pressure gradient and depends on the rock poroelastic
parameters. In this framework, the role of fractures and struc-
tural inhomogeneities is crucial because the water supplied
by rainfalls can accumulate in discontinuities, with the effect
of changing the local stress and producing fluid-induced tilt
(Lesparre et al., 2017). In this case, the magnitude of the tilt
and the orientation of the tilting plane can put constraints on
the source location and help in identifying the hydrologically
active structures. Interesting results are those of Lesparre
et al. (2017), who modelled the observed rainfall-induced
tilt considering different possible processes associated with
water infiltration and pressure changes on fracture walls. In
particular, by adopting different starting models (loading of
a dry fracture or of a system of fractures, water increase in
a partially flooded fracture), the authors were able to retrieve
some physical parameters associated with the source as well
as the estimate of the water amount involved in the process.
Similarly, Weise et al. (1998) showed that even small fissures
can modify pore pressure induced stresses: tiltmeter data are
particularly sensitive to these variations and their analysis
is useful in determining rock properties and the response to
stress changes.

In the present paper, we analyse four years of tiltmeter
time series recorded at Campi Flegrei from 1 April 2015 to
31 March 2019, with particular attention to the effects in-
duced by external sources on the deformation trend. We track
the time evolution of the polarization direction of the tilt vec-
tor associated to the diurnal (S1), lunisolar fortnightly (Mf)
and lunar monthly (Mm) tidal constituents. We find evidence
that the deformation pattern over medium/long period time
scales shows precise polarization directions, which at some
sites are affected by seasonal variations related to rainfall. In
addition, depending on the site, seasonality also modulates
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the amplitude of the tilt induced by the diurnal S1 constituent
indicating the occurrence of thermoelastic effects.

2 The Tiltmeter Network at Campi Flegrei

Campi Flegrei caldera is located to the West of Naples
(Southern Italy) and it is considered one of the most dan-
gerous volcanic complex in the world. Its most relevant fea-
ture is the phenomenon of bradyseism (Del Gaudio et al.,
2010) which consists of a slow subsidence alternated to fast
ground uplifts (De Martino et al., 2014) accompanied by
seismicity (Saccorottti et al., 2007; Falanga and Petrosino
2012; De Lauro et al. 2016; Capuano et al., 2017). Due to
the high volcanic risk, the area is continuously monitored
by networks of geophysical instruments managed by Isti-
tuto Nazionale di Geofisica e Vulcanologia (INGV) — Os-
servatorio Vesuviano. The tiltmeter array deployed at Campi
Flegrei is part of the wider network designed to monitor
the ground tilt of Neapolitan District volcanoes (Vesuvius,
Campi Flegrei and Ischia). The network was originally made
up of horizontal optical pendulums that recorded analog sig-
nals but later on these instruments were replaced by elec-
tronic sensors (bubble-tiltmeters). A qualitative leap took
place when wells of 20-25m of depth were drilled to an-
chor the cased digital sensors at their bottom. The current
tiltmeter network at Campi Flegrei (Fig. 1) consists of ten
instruments of three different types: four surface short base-
length platform AGI 702 tiltmeters, three AGI 722 tiltmeters
installed in shallow wells, and three borehole digital Lily tilt-
meters. Signals acquired by surface tilt sensors can be sig-
nificantly conditioned by temperature range; in particular,
bubble-tiltmeters are very sensitive to daily thermal varia-
tions whose source is the solar radiation heating the ground
not uniformly. In order to reduce the thermal excursions and
the background noise on tilt signals, the three digital borehole
instruments (CMP, ECO and HDM) were installed at aver-
age depths of 25 m, where the temperature fluctuations are
on the order of 0.01 +-0.02°C (Aquino et al., 2016; Ricco
et al., 2018). These tiltmeter stations consist of digital sen-
sors model “Lily Self-Leveling Borehole Tiltmeter” (Jew-
ell Instruments ex AGI) equipped with a self-leveling bub-
ble electrolyte on a range of + 10°, with a dynamic range of
= 330 pradians and a resolution less than 5 nradians. The tilt-
meter package includes a magnetic compass and temperature
sensor (Jewell Instruments, 2013). Ground tilt variations are
measured along two orthogonal directions NS and EW; they
are recorded with a sampling rate of 1 sample per minute.

In the present work, we use tilt data recorded by the three
borehole instruments since their installation in 2015.

3 Data analysis

The past analyses of the ground tilt at Campi Flegei have
evidenced that medium/long period tidal constituents induce
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Figure 1. Map of the tiltmeter network at Campi Flegrei and ground tilt (raw signal) recorded in four years at CMP, ECO and HDM
instruments. The colours identify the different sensors, dashed and continuous lines indicate the NS, EW components, respectively.

ground oscillations which are superimposed to the normal
deformation trend of the area (De Lauro et al.; 2018; Ricco
et al., 2019). In particular, the monthly Mm, fortnightly Mf
and solar diurnal S1 constituents were recognized in tilt
data by using the Independent Component Analysis (Bot-
tiglieri et al., 2007, 2010, De Lauro et al., 2018). Some sea-
sonal variations in the tiltmeter pattern were recognised over
21 months of data (29 March 2015-31 December 2016) by
De Lauro et al. (2018); at the present, due to the availabil-
ity of four years of data, we can go further and investigate
the temporal pattern of ground deformation and its eventual
seasonal variations more deeply. Thus, the tiltmeter time se-
ries recorded from 1 April 2015 to 31 March 2019 were fil-
tered by using a bandpass acausal (zero phase) Butterworth
filter of the third order. The filtering bands were centered
on the periods of Mm (T = 27.55d), Mf (T = 13.66d) and
S1 (T = 24h), with bandwidth equal to [23-31d], [13-14d]
and [23.7-24.2 h], respectively. Given the filtered time series,
the azimuth of the tilt vector was estimated over sliding time
windows with length equal to the period of each constituent.

Looking at the filtered time series, we find clear evidence
of the amplitude seasonal modulation for the diurnal Sl
(Fig. 2). Interestingly, during the spring-summer time, the
amplitude increase is particularly evident for the EW com-
ponent of CMP and, to a lesser extent, for both the compo-
nents of ECO. On the contrary, no evident variation occurs
at HDM site. Thus, the results confirm that the occurrence
of thermoelastic effects depends on the site, as hypothesized
by De Lauro et al. (2018). These authors recognized that
the local geology plays an important role in modulating the
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amplitude of the diurnal S1 constituent detected in the tilt
time series. In fact, the diurnal S1 is strictly related to the
insolation and induces a thermoelastic strain, whose propa-
gation at depth is controlled by the rheology. The compos-
ite model proposed by Ben-Zion and Leary (1986) predicts
that this strain is greater for unconsolidated heterogeneous
materials. The seasonal behavior of the ground deformation
at CMP, ECO and HDM sites is also reflected in the tem-
poral pattern of the tilt azimuths which are more scattered
during the fall-winter months compared with spring-summer
time, when they attain stable values. However, despite these
fluctuations, the average values of the azimuths retrieved in
both fall-winter and spring-summer are comparable (see next
analysis).

In order to determine the orientation of the main tilting
planes and their possible seasonal variability, we investigated
the statistical distribution of the azimuth values for the entire
dataset 2015-2019, as well as for the sub-intervals that cor-
respond to the wet and dry seasons of the hydrological year.
Indeed, as already pointed out by Petrosino et al. (2018), at
Campi Flegrei the hydrological year can be divided into two
time intervals on the basis of the average intra-annual dis-
tribution of the rainfall: the dry season goes from April to
August and the wet season from September to March. There-
fore, our dataset encompasses exactly four dry (hereinafter,
P1, P3, P5 and P7) and wet seasons (P2, P4, P6 and PS), ac-
cording to Table 1.

Besides these intervals, we also considered the
cumulative distribution of the azimuths over the
four dry (P_DRY=P1+4+P3+P5+P7) and wet
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Figure 2. Time series of the two tiltmeter components (EW in red, green and blue for CMP, ECO and HDM, respectively; NS always in
black for the three instruments) and temporal pattern of the azimuth. From left to right, the three boxes in ocra, cyan and magenta are relative
to the results obtained in the period band corresponding to the Mm, Mf and S1 tidal constituents, respectively.

Table 1. Start and end times of the temporal intervals used for the
partition of the dataset.

Time Interval  Start End

P1 —dry 1 April 2015 31 August 2015
P2 — wet 1 September 2015 31 March 2016
P3 —dry 1 April 2016 31 August 2016
P4 — wet 1 September 2016 31 March 2017
PS5 —dry 1 April 2017 31 August 2017
P6 — wet 1 September 2017 31 March 2018
P7 —dry 1 April 2018 31 August 2018
P8 — wet 1 September 2018 31 March 2019

(P_WET =P2 + P4 +P6 + P8)
rose plots are shown in Fig. 3.

Overall, the rose plots show that the resulting azimuth val-
ues range in a narrow interval, confirming as observed in
De Lauro et al. (2018) and Ricco et al. (2019). Nevertheless,
this analysis applied to 4 year-long dataset which allows finer
investigation over smaller sub-intervals, brings out some ad-
ditional outcomes, evidencing that in some cases a broader
distribution is obtained.

Regarding the Mm constituent, we observe that at CMP
site, the azimuths of the tilting plane over the whole investi-
gated time range are quite disperse, with an average orienta-
tion roughly in the ESE-WNW direction. Indeed, this spread
is mainly due to the difference between dry and wet seasons:
in P_DRY the azimuth are oriented ENE-WSW, while in
P_WET they are along SE-NW. For the Mf constituent, the
average direction is nearly ESE-WNW, with dominant E-W
orientation in P_DRY, and ESE-WNW in P_WET. The par-

seasons. The resulting
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tition of the dataset into dry and wet seasons thus reveals that
a rotation of the main tilt direction for both the Mm and Mf
constituents occurs between the two hydrological seasons.

At ECO site, the tilting planes of the Mm and Mf tidal con-
stituents are on the average oriented along the ENE-WSW
direction. In P_DRY a fairly good collimation persists in
the ENE-WSW; on the contrary, the cumulative distribution
in P_WET is characterized by a wide dispersion of the az-
imuths.

At HDM site, the Mm and Mf azimuths exhibit the lowest
degree of variability compared to the previous sites. Indeed,
they are always oriented nearly ESE-WNW throughout the
whole 4 year-long observational interval, with no difference
between wet and dry seasons.

Regarding the diurnal S1 constituent, at CMP and ECO
sites the azimuths are almost constant (nearly E-W and
ENE-WSW, respectively), with no evident seasonal varia-
tions. At HDM the average direction is nearly N-S, with no
appreciable differences between wet and dry seasons, except
for a more dispersive pattern during the wet months.

In order to check whether the orientations of the tilt vec-
tors are non-uniformly distributed, we adopted a statistical
approach. In particular, we applied the Rayleigh test (Berens,
2009) that assumes as null hypothesis a uniform distribution
of the sample populations around the circle. A significance
level of 0.05 is usually considered: probability (p) values
lower than 5% (p < 0.05) lead to reject the null hypoth-
esis, meaning a significant departure from uniformity and
thus, the existence of preferred orientation of the tilt azimuth
(the ground tilting occurs on a preferential plane). On the
contrary, p-values greater than 5 % correspond to azimuthal
uniform distribution (no preferential plane of ground tilting).

www.adv-geosci.net/52/9/2020/
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Figure 3. Rose diagrams of the azimuths of the tilt signals. Each row is relative to a tiltmeter (red = CMP, green = ECO, blue = HDM)

and shows the azimuths retrieved in 2015-2019, P_DRY and P_WET time ranges for the Mm (ocre), Mf (cyan) and S1 (magenta) tidal
constituents.
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Figure 4. Probability (p) values obtained from the Rayleigh test performed on the azimuthal distributions for the three tiltmeters. p-values
lower than 0.05 corresponds to non-uniform distribution, while p-values greater than 0.05 support the hypothesis of uniformity. The different
time intervals and tidal constituents are indicated on the top and bottom x axes, respectively. The LAO occurrence is also annotated. In the
upper panel, the monthly rainfall amount (purple line) is reported (data for Pozzuoli town, available at the URL https://www.3bmeteo.com/
meteo/pozzuoli/storico); in this plot, the light-grey boxes in the background mark the wet season of the hydrological year.

We tested the azimuth distribution considering: (a) the entire
dataset, (b) each sub-interval related to dry and wet seasons
(P1-P8), (c) the cumulative dry and wet seasons (P_DRY,
P_WET). The results of the tests are summarized in Fig 4.
In general the azimuthal distributions for the different tilt-
meters, constituents and time ranges are significantly non-
uniform. However, in some cases (see e.g. the distribution
in P_WET for the Mm at ECO) the null hypothesis of uni-
formity cannot be rejected. Going into details, from the rose
plots (Fig. 3) relative to the entire dataset 2015-2019 and to

the cumulative dry and wet seasons (P_DRY and P_WET),
it emerges that at ECO site a common average azimuthal tilt
direction along the ENE-WSW exists in all the three inter-
vals for both Mm and Mf. However, in P_WET additional
ground tilting along a nearly N-S plane overlaps to the basic
ENE-WSW tilt pattern, thus causing a departure from non-
uniformity of the azimuth distributions.

Another feature attracts attention in Fig. 4: during P2, the
Rayleigh test detects (with particularly high p-values) three
contemporary relevant departures from non-uniformity for

www.adv-geosci.net/52/9/2020/ Adyv. Geosci., 52, 9-17, 2020


https://www.3bmeteo.com/meteo/pozzuoli/storico
https://www.3bmeteo.com/meteo/pozzuoli/storico

14 S. Petrosino et al.: Time evolution of medium and long-period ground tilting at Campi Flegrei caldera

Mm and Mf, at ECO and CMP tiltmeters. This pattern re-
curs in a similar fashion in P6. It is noteworthy that both
P2 and P6 wet seasons (September 2015-March 2016 and
September 2017-March 2018, respectively) were character-
ized by a high rate of rainfall (Fig. 4; see also Fig. 8 in Ricco
et al., 2019). This observation suggests that the connection
between meteoric water amount and non-uniform azimuthal
distributions should be deeply examined. Moreover, the dry
seasons P3 and P7 which followed P2 and P6 were marked by
the occurrence of two aseismic tilt reversal episodes (April
2016 and August 2018, respectively) associated with Large
Amplitude Oscillations (LAO) of the Mf constituent, as rec-
ognized by Ricco et al. (2019). Thus, the departure from
a non-uniform distribution of the azimuth (and the conse-
quent trend to uniformity) seems to be a proxy of aseismic
tilt reversal phenomena. Of course, this possible relation-
ship deserves particular attention and further investigations
on a longer time record.

4 Discussion and conclusions

Recent studies of the ground tilt at Campi Flegrei highlighted
that the medium responds to a complex mixing of endoge-
nous (e.g. hydrothermal, volcanic) and exogenous (e.g. tidal,
meteoric) sources (Petrosino et al. 2018; De Lauro et al.,
2018; Ricco et al., 2019). In particular, De Lauro et al. (2018)
evidenced how earth tides induce ground oscillations along
well defined planes whose orientations are constrained by the
local stress field and by the distribution of faults and frac-
tures. With the present research we go further, evidencing
seasonal variations of the tidal tilting, which are ascribable to
the rainfall. Indeed, water infiltration in the ground, accord-
ing to the theory of poroelasticity (Wang, 2000; Wang and
Kumpel, 2003), can contribute to modify the local stress field
thus changing the observed deformation pattern (Dal Moro
and Zadro, 1998; Weise et al., 1998; Dong et al., 2002; Uh-
lemann et al., 2016; Lesparre et al., 2017). In line with these
studies, we interpret the observed variations on tidal scales in
the tilt directions as an effect of the local geology, modulated
by the rainfall seasonality. During the dry seasons, at CMP,
medium/long period tidal stresses induce oscillations along
well defined planes whose orientations (ENE-WSW for Mm
and E-W for Mf) are constrained by the rheology and local
structure (De Lauro et al., 2018). In the wet seasons, the infil-
tration of meteoric water in the ground causes a variation of
the pore pressure with a consequent modification of the stress
field, in turn generating a rotation of the tilting planes. In ad-
dition, the presence of fractures loaded by infiltrated water
could not be neglected in this “tilt switching” mechanism. In
fact, as demonstrated by Lesparre et al. (2017), the activa-
tion of fluid-filled structures, which become the main source
of deformation, can induce variations of the orientations of
the tilting planes. In other words, it is like a new deformation
source (on medium/long period tidal scales) “turns on” in the
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wet period and completely dominates over the source active
in the dry season. A support for this hypothesis comes from
the analysis of the vectorial plots (hodograph) of the unfil-
tered tilt data which represent the resultant kinematics due to
the sum of internal (volcanic uplift) and external (tidal, me-
teoric) sources of deformation over different time scales. As
example for the time intervals P5-P6 (Fig. 5), we observe at
CMP a change in kinematics because the average preferen-
tial direction of the tilt trend shows a rotation moving from
dry to wet season. This is a clear indication that the process
that generates the switching of the azimuth of the tilt planes
on the Mm and Mf tidal scales is so powerful to induce a sen-
sible variation of the resultant kinematic pattern.

Regarding the time evolution of the tidal tilt induced by
the S1 constituent, the investigation over the 4 year-long time
span at CMP does not reveal any rotation of the azimuth be-
tween dry and wet seasons, but only an evident amplitude
variation likely related to the local rheology consisting in
layers of sands alternated to ashes and pyroclastics (Aquino
et al., 2016). In the framework of the thermoelastic model
(Ben-Zion and Leary, 1986), the loose and unconsolidated
soils would thus cause the observed amplitude amplification
and thermoelastic site effects (De Lauro et al., 2018).

On medium/long period tidal scales, ECO site shows an
even more complex behaviour compared with CMP: in the
dry seasons a preferred orientation (ENE-WSW) of the tilt-
ing planes exists, compatible with the existence of a main
source of deformation. In the wet seasons, this pattern is ap-
parently lost because we observe a uniform distribution of
the azimuths around the circle. We can hypothesize that this
distribution is due to the superposition of at least two (or even
more) tilting planes. This would mean, for example, that the
rainfall infiltration activates, by a mechanism of water load-
ing, fractures which act as additional sources of deformation.
Thus, during the wet seasons, coexisting multiple sources
likely leads to the breaking of the non-uniformity of the dis-
tribution of the tilting azimuths usually observed in the dry
seasons. Also in the case of ECO, the effects of this phe-
nomenon can be noticed in the resultant kinematics of the tilt
vector. In fact, the average tilt direction of the unfiltered data
shows a rotation moving from dry to wet seasons, as shown
in Fig. 5 for the P5-P6 time interval.

As for CMP site, also at ECO the tilting azimuth of the
S1 tidal constituent is stable over dry and wet seasons, with
a moderate amplitude variation. The observed thermoelastic
site effects (De Lauro et al., 2018) are related to the presence
of a sequence of pyroclastic deposits with various granulom-
etry (Aquino et al., 2016).

Finally, HDM shows a completely different behavior com-
pared with CMP and ECO sites. In fact both the directions of
the tilting planes and the amplitudes of the ground deforma-
tion in all the three analyzed tidal band Mm, Mf and S1, are
nearly constant throughout the investigated 4 year-long time
interval, without any substantial change between dry and wet
seasons. The absence of both azimuthal and amplitude vari-
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Figure 5. Plots of the tilt vectors at the three sites CMP, ECO and HDM. The curves that originate from each station indicates the cumulative
tilt variation (hodograph) recorded in PS=1 April 2017-31 August 2017 (light color) and P6 =1 September 2017-31 March 2018 (dark
color). Each mesh is equivalent to a tilt variation of 30 uradians. The boundary between the two intervals P5 and P6 is marked with a white

square.

ations is likely due to the specific nature of the trachytic lava
dome of Mt. Olibano, where the borehole tiltmeter HDM is
installed (Aquino et al., 2016). In fact, the site is character-
ized by lava layers with thicknesses of about 4-5 m, interca-
lated by pyroclastics and sands. The porosity of this igneous
rock is certainly lower than that of the pyroclastic deposits
at ECO and CMP sites. HDM site therefore seems “insen-
sitive” to the rain because there are no relevant poroelastic
effects and/or fracture filling phenomena that would in turn
generate additional seasonal sources of deformation. More-
over, while the unconsolidated soils of CMP and ECO sites
tend to amplify the ground tilt related to the diurnal S1 con-
stituent, the harder lava rocks at HDM act as a damper, thus
minimizing thermoelastic site effects (De Lauro et al., 2018).

In conclusion, we can hypothesize that the deformation
detected at Campi Flegrei by the tiltmeters is due to the ef-
fects of different processes. The main process concerns the
renewed uplift which since 2004 has been involving this area:
the observed tilting direction is coherent with the ground de-
formation pattern generated by a centroid (center of pres-
sure) located at Pozzuoli. This first-order effect is accom-
panied, more or less intensely, by the medium response to
the tidal stresses. The tidal tilting is essentially controlled by
rheology, fracture distribution and local stress field. The lat-
ter is strongly dependent on the underground water whose
mobility (which in turn depends on pressure variations and
rainfall amount) triggers, with seasonal periodicity, second-
order local effects consisting of small ground deformation.
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These secondary sources can induce the observed variations
of the tilting directions at level of the medium/long period
tidal components (Mm and Mf) and contribute to modify the
local tilt kinematics. Structural features also affect the ampli-
tude of tilt oscillations related to the diurnal S1 constituent,
leading to thermoelastic site effects.

The present study provides a key for better understand-
ing the complex mixing of sources of deformation which act
at Campi Flegrei caldera. The identification of main and sec-
ondary ground deformation processes through the analysis of
their effects on the tiltmeter signals surely represents the first
step for the definition of the background state. In fact, the
recognition in the tilt pattern of seasonal tidal effects, super-
imposed to the normal trend related to endogenous phenom-
ena, is crucial: focusing on the internal sources after having
removed external factors allows a better comprehension of
the volcanic dynamics of the caldera. On the other hand, the
study of these secondary effects due to exogenous sources
like tides and rainfall is useful to identify and locate struc-
tural features (faults and fractures) and to provide constraints
on both their geometry and rock properties of the surround-
ing medium, thus improving the knowledge of the local ge-
ology. In this perspective, future efforts should be done to-
wards the development of a quantitative model to study fluid-
coupled processes modulated by the external factors. Assess-
ing how this interaction modifies the local stress field would
shed more light on the synchronization mechanisms between
ground deformation and earth tides.
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