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Abstract

In 2007-2008, we installed on Mt. Etna two deep dihtions using high resolution, self-leveling
instruments. These installations are the resudtcotirate instrument tests, site selection, drilang
sensor positioning that has allowed detecting tiana related to the principal diurnal and
semidiurnal tides for first time on Mt. Etna usitiigdata.

We analyzed the tidal effects recorded on tilt algrand we removed tidal effects from signals,
thereby allowing to detect changes of about 20 raghans with a considerable improvement
respect to the previous installation.

Tilt changes have accompanied the Mt. Etna maiptime phases and are generally related to the
rapid rise of magma and formation of dikes and evadissures. However, tilt changes characterize
lava fountains, earthquakes and inflation-deflapbases.

The 2008-2009 eruption represents an example opdential of these tiltmeters providing new
perspectives for highly precise monitoring of grdweformation on volcanoes.
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1. Introduction

Continuous tilt measurements are used for groufarm@tion monitoring in many volcanic areas
and are usually used to record middle-short teraptesn precursors (e.g. Toutain et al. 1992,
Voight et al. 1998; Gambino 2002; 2005; Gambinale2007).

Slow (weekly-monthly) tilt variations could indi@tnflation caused by rising magma prior to the
eruption or deflation linked to energy releasedwaihg eruptions (e.g. Bonaccorso et al. 2008),
while fast tilt variations (from hours to days) aetated to rapid rise of magma and propagation of
dikes and eruptive fissures (e.g. Bonaccorso amd@w 1997).

Tilt changes accompany the main eruptive phasedtoctna. Continuous acquisition allowed to
identify eruption precursors generally relatedhe tapid rise of magma and formation of dikes and

eruptive fissures and provided an important contidm to the analytical modeling of the volcano



sources acting during eruptions (e.g. Aloisi et 2003; 2006; 2009; Bonforte et al. 2009).
Amplitude of these tilt variations may vary ovexvsral orders of magnitude but generally consists
of several microradians; other processes suchramgicrater paroxystic phases, faulting and long-
term volcano/tectonic processes are generally ctearaed by smaller variations that may be
masked by noise.

Tiltmeters are affected by various surface and tratpre-related noise effects (e.g. Dzurisin, 1992)
that may be related to distortion effects of thpography, air pressure, water table variations and
tides but mainly to the temperature fluctuatioret tause thermoelastic strain.

Mt. Etna shallow stations (about 3 meter), insthile the 90's, generally have a mean precision in
the order of 0.3-0.5 microradians. Efforts to immrdhe performance of tiltmeters can be divided in
two categories: increasing the length of the baselo reduce the local effects and installing the
instrument in a deeper hole. Levine et al. (19&8)ctuded that deep borehole instruments are more
suited to measure tilt accurately. Bonaccorso .e{18199), conducting an experiment on installing
titmeters in the same hole at different depthgjgest placing the instrument at least 8-10 meters
deep for volcano monitoring.

Mt. Etna tilt signal is almost free from influenceswater table variations. Strong precipitatiom an
snow melt events may cause significant increasethenground water level that may produce
evident tilt signals (e.g. Kimpel et al., 1988; 99Weise et al., 1999; Jahr et al., 2009). However,
this effect is reduced with the water level deftiropel et al., 1988) and a recent reconstruction of
the Mt. Etna aquifer (Ferrara and Pappalardo, 20@8)lights that the water level is located more
than 300 meters below the tilt stations.

Conversely water infiltration during and after teong precipitation, cause tilt variation (e.g.
Breitenberg, 1999; Bonaccorso et al., 1999). Thegmsodes, though not very frequent Etna, are
kept under control to avoid erroneous consideratregarding tilt variation.

In 2007-2008, we installed two new deep stationsgueew high resolution (<0.005 microradians)

instruments, self-leveling with onboard magneticmpass. A first installation at 30 depth,



“Mascalucia” (MAS), and a second one at 10 met&ast Bada” (CBD) have been done using the
LILY Tiltmeter designed by AGI (AGI, 2005) installein massive lava. These installations are the
result of accurate instrument tests, site selectioling and sensor positioning in order to ohtan
adequate matching of the instrument to the surnognacks.

A constant recorded temperature characterizesethgoss installed at MAS and CBD and recorded
signals are characterized by a very low noiselthae allowed detecting, for first time on Mt. Etna,
signals related to the principal diurnal and seudrital tilt tides whose amplitude are about 0.2
microradians.

A precise tidal gravity model of Mt. Etna has bgeaposed for the first time by Panepinto et al.,
(2008). In a similar way we determined a modeltiibitides from the analysis of one year of data
recorded at CBD station. Using these adjusted pdahmeters, we afterwards corrected the tilt
recordings by synthetic tides. Residual signalchea precision of 0.02 microradians with an
improvement of one order of magnitude compareteaotiginal signals.

Tilt signals related to the 2008-2009 Mt. Etna énuprepresent an example of the potential of new

highly precise tiltmeters.

2. Tilt network

At present, the Mt. Etna permanent tilt networkg(FiL) comprises 13 bi-axial instruments installed
in shallow bore-holes and one 80 meter long-baseument. The borehole instruments use a high
precision electrolytic bubble sensor to measureatigular movemen©g/0x) and each tiltmeter is
composed of two perpendicular axes, named +x coergamnd +y. The second is orthogonal to +x
and a positive signal variation means uplift in &méiclockwise direction (Fig 1, Fig. 2).

The tiltmeter principle is that the bubble, susphth the liquid-filled case, remains stationaryhwi
respect to the vertical gravity vector: when th&rmment tilts, the case moves around the bublide an

the electrodes sense changes of resistance asrtheescovered by the conductive liquid decreases



on one side and increases on the other. A statdeitcy inside the tiltmeter converts these changes
to high-level DC signals linearly proportional togalar rotation.

Eight stations were installed in the 90's in shallmreholes at about 3 m depth and equipped with
Applied Geomechanics Inc. Mod 722 and Mod 510 elens. These kinds of tiltmeters have a
nominal precision respectively of 0.1 and 0.01 oriadians. However, the real precision is affected
by environmental noise mainly due to temperatureces. At a depth of a few meters, the
thermoelastic effects may produce a noise botheas@nal and daily variations (e.g. Wyatt 1988;
Dzurisin 1992) so that the instrumental precisijgenerally of the order of 0.5 microradians.

In 1997, a long-baseline instrument comprising 8@am long orthogonal tubes filled with mercury,
was positioned along two tunnels, at the volcanolgbservatory of Pizzi Deneri (PDN), located
2850 m a.s.l. (Bonaccorso et al. 2004). This desloaws a low temperature noise that provides a
precision of about 0.1 microradians.

In recent years, we installed two new deep statiisg new high resolution (< 5 nanoradians)
instruments, self-levelling with onboard magnetiompass (the LILY Self-Leveling Borehole
Tiltmeter designed by Applied Geomechanics). Thenéter (51 mm diameter and 915 mm long)
have been installed in uncased holes with intedizatheters of about 100 mm.

A first installation was made at 30 m depth (MAZ), km far from Mt. Etna’s summit; the second
one (CBD) is closer to the volcano summit, 1500.ml.aand is 10 m deep (Fig. 1). Between 2009
and 2010 two more stations were installed (MSP &L in fig. 1).The instruments have been
positioned inside massive lavas layers and aftefwawvered by sand. (for more details see AGI,
2005). Data acquisition is programmed for 96 datg/sampling (1 sample every 15 minutes) and
includes acquisition of the two tilt components; and ground temperatures, and instrumental
control parameters.

Owing to their depth, the new tiltmeters are almosffected by instrumental noise due to in situ

temperature effects and the only evident signdinieed to the tidal signal, which is affected by



tilt/strain coupling effects and crustal inhomogéee (Harrison and Herbst, 1977). This tidal

signal is hiding the onset of geophysical signals tb volcanic activity and has to be suppressed.

3.0 Tilt associated with Mt. Etna eruptive activity

Mt Etna is a basaltic volcano situated on the easteast of Sicily and is one of the most active
volcanoes in the world. The volcanic edifice hdmaal diameter of about 40 km, is just over 3200 m
high and has four active summit craters.

Activity on Mt. Etna may be divided into two typdateral flank eruptions occurring along fracture
systems and persistent activity that comprises gshad degassing alternating with Strombolian
activity, which may occasionally evolve into lavahtains and effusive activity.

Tilt changes recorded by the INGV-CT permanent netwhave accompanied all the main eruptive
phases on Mt. Etna since 1981.

Tilt recording plays a fundamental role in real @immonitoring because it provides a signal able to
detect ground deformation changes with high pregisAt Mt. Etna, tiltmeter excelled at detecting
rapid and sharp variation such as the ones recahaiedlg intrusions and eruptive fissure propagation
(e.g. Aloisi et al. 2003; 2006; 2009).

In figure 2 we report the location of the magmausion source for the eruptions of last 30 years at
Mt. Etna (1981, 1989, 1991-1993, 2001, 2002 an8ZMD9). These sources modeled using tilt and
GPS data are not very deep (between 2000 m l.4.0@0 m a.s.l.). The intrusive phases caused on
most stations tilt changes with an amplitude thatlated to source-station distance; for exanime t
2002 case showed a very high variation at PDN aN®RMut a small one at CDV (fig. 3a).

During the 2002 eruption a dike intrusion propaddaterally (red arrow in fig. 3b) from the summit
craters to the eruptive fractures (Andronico et 2005) and was accompanied by seismicity (Fig.
3b). Tilt vector map showed a general uplift tow#ne intrusion area (fig. 3b). Tilt vectors are

turned towards the line of tract of lava flow ewideng an extension process due to the magma



intrusion which propagated laterally from summiaters along the Mt. Etna NE rift (Aloisi et al.,
2003).

Small but detectable tilt was also recorded on Etha during strong crater paroxystic phases
(Bonaccorso, 2006) and faulting earthquakes (Alparand Gambino, 2003; Bonforte et al., 2007);
moreover evident long-term inflation/deflation peashave been recognized (Allard et al., 2006;
Gambino and Guglielmino, 2008).

However, an improvement of the signal-to-noiseoratiay greatly improve the ground deformation
detection on Mt. Etna highlighting less energetiocpsses that are currently masked by background

noise.

4.0Tides

Gravitational attraction of the Sun and Moon modihe gravity vector and deform the Earth’s
shape producing tides with different periods. Ggaghanges, surface displacements, strain and tilt
are different observable components of the tidahgmenon. It is important to measure the Earth’s
tides because it is not only a direct way to adsekhowledge of the internal structure of the Earth
but also a useful tool in the research on majounahdisasters, such as earthquakes and volcanic
eruptions.

The stress variations induced by the tidal forcethée crust do not exceed*P@ and might seem
too small to trigger earthquakes and volcanism.eléeless, the idea that tides may influence these
geophysical events has been discussed since 19 an interesting earthquake sequence was
observed during an earthquake swarm east of Ittherzu Peninsula, central Japan and it is still
debated if tidal stress changes as low as a fewnkdasignificantly affect the eruptive behavior of

volcanoes (e.g. Sparks 1981; Kasahara 2002).

4.1 Earth tide analysis



We performed an Earth tide analysis of the CBDnilter data set may 2009 — april 2010 using the
software package ETERNA 3.4 (Wenzel, 1996) with freemura tidal potential and Pertsev
numerical filter. The adjusted tidal parameterstfoeg N220.5E and the N130.5E components are
given in Tables 1 and 2 respectively. The standardation of weight unit for the two components
are respectively 3.7 and 4.8 mas (18 and 23 narams)d The precision is better than 2% or 0.2mas
(Inrad) on the amplitude of the main tidal wave M2.

The tidal amplitude factoy is defined as the ratio between the observed hadastronomical
amplitudes of the considered tidal wave. Tidal niedmsed on an elastic Earth predictalues
close to 0.7 (Melchior, 1983). The analysis prosiggalues between 0.5 and 0.8 for the main tidal
components, in reasonable agreement with the thamrgidering the local condition. The depth of
the borehole is not completely protecting the unsient again the thermal strain propagating from
the surface to depth larger than 50m and respansibthe so called tilt/strain coupling (Harrison
and Herbst, 1977). Tilt measurements are very semso discontinuities in the crust as well as
local topography and the volcano edifice is verietmyeneous and is a huge topographic anomaly
(Harrison, 1976). It should be necessary to buifthite element model of the volcano to compute
the different effects (Gebauer et al., 2009). Rbstions of thermal origin are confirmed by the
highy value of the meteorological wave S1, correspontbntpe solar period of 24h. As a matter of
fact its amplitude is of the order of 2 mas (0.0dnmiad) and is thus one order of magnitude lower
than the volcanic signals (see Figure 7). The plidaysa (a few degrees) are defined as
differences between the observed phase and tlanasircal one. The values can be large for the
diurnal waves but are always below 10° for the siumnal ones. These values indicate that the
possible error of azimuth of measurement is acbéptbor investigations of tilting of volcano
edifice. Delay of tidal waves is an result of iatetion of tidal waves with discontinuities in the

crust, but it is puzzling that the phase delayssbsays negative (lags).



These phase lags are perhaps linked to residualetiagtion of lava flow that may have influenced
the onboard magnetic compass; in fact directionesiflual magnetization of Mt. Etna lava flows
may vary by several degrees for magma erupted gltinm last centuries (Incoronato and Del Negro
2004).

Figure 4 shows observed and theoretical signaks;této signals have a very similar shape,
confirming the stability of the instrument and th@od response of the sensor to tidal deformation,
as already represented by the tidal analysesgumdi5 the main tidal constituents, i.e. semidiurna
and diurnal, are recognized by spectral analygisasty weak spectral power is left after correction
using the tidal model. The accuracy of the tidabelacan be deduced from the residues. It is of the
order of 5mas (0.025urad) or 10% of the tidal tiitany case perfect reduction of tidal signals is
not required as the magnitude of tilt signals r&sglfrom volcano activity are at least one order o

magnitude larger.

5.0 Removing the tide component; the 2008-2009 er uption case.

The reduction of tidal tilt (or gravity) signals ismportant in order to detect tectonic-volcanic
deformation (e.g. Battaglia and Hill, 2009; Jahalet2009).

In figure 6 we report the two tilt components of @Borrected by the modelled tides. The residual
signal is able to appreciate changes in the orfl€.G2-0.03 microradians and the records of the
2008-2009 eruption represents an example of thengat of the high precision tiltmeter data. The
instrumentation was able to detect co-seismic fhain volcano earthquakes and seismic swarms),
co-explosive (i.e. summit crater paroxystic phasasyl eruptive (i.e. intrusion preceding the
eruptions) events.

In figure 7 we report the tide-removed data oftthe CBD components, from the 13 days before
the beginning of the 2008-2009 eruption. Underdhaanditions, the instrument seems to record a
variation of 0.1-0.15 microradians during the 2Qursopreceding the onset of the 2008-2009

eruption (Fig. 7).



6.0. Discussion and conclusions

Continuous tilt measurements are generally useiioBtna to record middle-short term eruption
possible precursors.

Tilt associated with intrusive and fracturing meaisans may vary over several orders of magnitude
but generally consists of several microradiansgoirocesses such as summit crater paroxystic
phases, faulting and long-term volcano/tectoniccesses are generally characterized by smaller
variations that may be masked by noise.

Tiltmeters are affected by various surface and gatpre-related noise effects (e.g. Dzurisin 1992)
that may be related to distortion effects of theofgraphy, air pressure, water table variations and
tides but mainly to the temperature fluctuatioret ttause thermoelastic strain.

The installation of a tilt sensor in a deep holeassidered the most suitable way to measure tilt
accurately (Levine et al. 1989) and effectively al®ained high signal-to-noise signals from the
recent installation at Mt. Etna containing only thde components. The increased depth of
measurements has practically reduced the bias wfardogical factors on measurements.

Though tilt resulting from Earth tides is smallps® authors suggest that tidal stress changes may
affect the eruptive behavior of volcanoes. Indekdugh small, we evidenced that amplitude of the
tilt variations is in the order of 0.1-0.2 microras for the diurnal and semidiurnal tidal compdnen
in the Mt. Etna area.

We calculated for CBD a precise tidal tilt modekitng these modeled (from analyses) tides, we
removed tidal effects from signals of CBD and raaildsignals is able to appreciate changes in the
order of 0.02-0.03 microradians with an improvemaione order of magnitude compared to the
previous shallower data.

The beginning of the 2008-2009 eruption represantsxample of the potential of these signals.

On 13 May 2008, an eruption started on Mt. Ethagmme intrusion was accompanied by a violent

seismic swarm and marked ground deformation wasrded at permanent tilt and GPS stations.
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Aloisi et al. (2009) showed that the 2008 intruswas characterized by an intrusive mechanism
that started from the central conduit at 1600 nsebetow the ground, breaking off towards the east
and up.

Tide corrected residues show better a small anorfialy:0.2 microradians) during the 20 hours
before the onset of the 2008-2009 eruption mordestion the N220.5E component trend.

It is not easy to give an explanation for this piraenon; the effects of this process still seemIsmal
and moreover we have not found data, which migltt big, on other devices installed on Mt. Etna.
However the presence of more tilt stations of highrecision (Mt. Etna has now four stations) will
allow to improve our knowledge on less energetacpsses that could be very important inside the

volcano activity.
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Captions

Tabl. Tidal analysis results of Eterna34 softwarekpge for CBD +x component (220.5° azimuth
angle).Adjusted tidal parameters of the main twdaves: y amplitude factorg, standard deviation,

o phase delay, standard deviation.1mas=4.848 nanoradians

Tab2. Tidal analysis results of Eterna34 softwarekpge for CBD +y component (130.5° azimuth
angle). Adjusted tidal parameters of the main tidaves: y amplitude factorg, standard deviation,

o phase difference delagy standard deviation. 1mas=4.848 nanoradians

Fig. 1. Mt Etna permanent tilt network (A) and gexlescheme of the bore-hole tiltmeter
installation (B).

Fig. 2. Map showing the eruptive dike intrusive m@s$ obtained by modeling tilt and GPS ground
deformation data (see text for details).

Fig. 3. Tilt signals recorded between 26th and Z¢dwber 2002 (A). EC10 and MDZ recorded
small variations (1-5 microrad) that are not vieilat this scale. SPC was not functioning. Tilt
vectors and seismicity recorded during the 20020MNgst intrusion (B). The two PDN tilt vectors
(1 and 2) are due to the change of the relativatipnsstation-intrusion during the process (see
Aloisi et al., 2006)

Fig. 4. Example of signal recorded at N220.5E +rponent of CBD station and N276.E +x
component of MAS and the corresponding modeledsighal. The CBD small drift effect after
2008/05/04 is probably linked to a thermoelastitea@f Borehole temperature has also been
reported.

Fig. 5. Superposition of signals spediwathe 130.5 tilt component of CBD station. THadk curve

represents the original signal after removing @f itistrumental drift by PERTZEV59 numerical filieee
Eterna34 for further information). The grey traepnesents the obtained residues after tidal ciorecthe

picture clearly shows on the one hand very shagkgen the principal tidal wavegroups of the tilt
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recording while, on the other hand, a well defitiddl correction obtained by using the local addstidal
parameters coming from the executed analysis és¢éar explanation).

Fig. 6. Residual signal obtained by removing maodigidal tilt from recorded data for the N220E
CBD component.

Fig. 7. Filtered signals of the two components 8DCbetween 1-13 May 2008. We evidenced the
different processes linked to the variations reedrato-seismic (i.e. main volcano earthquakes and
seismic swarms), co-explosive events (i.e. summatec paroxystic phases), teleseismic events (e.g.
the M=8.0 Sichuan earthquake on 12 May) and erepfie. intrusion preceding the eruptions).

Hole temperature has also been reported.
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Table 1. Adjusted tidal parameters of the mainl titives — CBD X component (220.5° azimuth angle)
y amplitude factor and, standard deviatiomy phase delay arg, standard deviation

wave group Timits Theoretical Tidal parameters
Amplitude

From To [mas] y a(®)

[cpd] [cpd] g &a(°)
o1 0.921941 0.940487 2.880 0.58777 -30.1
+.05821 +5.7
S1* 0.999853 1.000147 0.032 43.2927 -127.1
+8.5119 +11.2
K1 1.001625 1.011099 4.051 0.69559 -1.6
+.04254 +3.5
N2 1.8883871 1.906462 1.912 0.78957 -4.7
+.04472 +3.2
M2 1.923766 1.942753 9.987 0.76754 -4.2
+.00878 +0.6
S2 1.991787 2.002885 4.646 0.83629 -7.4
+.01860 +1.2

* meteorological wave

Table 2. Adjusted tidal parameters of the mainl titives — CBD Y component (130.5° azimuth angle).
y amplitude factor ane, standard deviatiorn phase delay ang, standard deviation

wave group Timits theoretical tidal parameters
amplitude

From To [mas] y a(®)

[cpd] [cpd] g a(®)
01 0.921941 0.940487 3.219 0.82781 -4.9
+.05456 +3.8
S1* 0.999853 1.000147 0.035 72.2329 -5.5
+8.0138 +8.3
K1 1.001625 1.011099 4527 0.83328 -23.3
+.04010 +2.8
N2 1.888387 1.906462 2.053 0.48753 -10.9
+.06023 +3.2
M2 1.923766 1.942753 10.723 0.47676 -2.8
+.01221 +1.4
S2 1.991787 2.002885 4.989 0.59005 -10.3
+.02582 +2.5

* meteorological wave
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