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[11 We analyze the kinematic and crustal deformations of Mt. Etna from 2003 to 2008
as imaged by the Mt. Etna continuous GPS (CGPS) network (Etn@net). Through a careful
analysis of GPS time series, six coherent phases of crustal deformations have been
identified, three inflation phases and three deflation phases, superimposed on a major
inflation of the volcanic edifice since 2001. The inversions of GPS velocities have
enabled: 1) a better understanding of the evolution of the volcanic sources acting beneath
the volcano; 2) analysis of the strain rate patterns; and 3) a delineation of potential coupling
between volcanic sources and the observed ground deformations. The modeling of the
pressure sources has shown a separation between inflation and deflation sources. The
deflation sources show an upward migration, from 5.5 toward 2.0 km (b.s.l.), while
the inflation sources are located within 5.5 and 4.0 km (b.s.l.). Our results indicate that the
kinematic and ground deformations of the mid-upper eastern flank are driven by the
interplay between the effect of the magmatic sources and a southeastward motion.
Furthermore, clockwise rotations have been detected that prevailed over the eastern motion
of the flank during the inflation phases preceding the 2004—2005 and 2006 eruptions.
Finally, the accordance between the higher geodetic shear strain rates and the area with the
highest seismic energy release shows that measured geodetic shear strain rates can provide

useful information on the potential occurrence of seismic activity.
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1. Introduction

[2] Knowledge of the GPS velocity field of active volca-
noes is important for several reasons. It allows us to infer
information about the physics of the underlying deformation
and to investigate the shallow level magma migration, which
is an essential tool for forecasting future eruptions. Further-
more, it enables monitoring ground deformations and deriv-
ing strain rate fields that are a potential input in earthquake
hazard assessment.

[3] Velocity or displacement measurements began on
Mt. Etna in 1988, when a network of GPS benchmarks was
surveyed [Puglisi et al., 2004]. Since then, this geodetic
network has been surveyed by GPS almost yearly [Palano
et al., 2008]. In November 2000, a continuous GPS
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(CGPS) monitoring started. The permanent Mt. Etna GPS
network (Etn@net) has been further improved, reaching the
current configuration of 36 stations that almost entirely cover
the volcanic edifice.

[4] In this paper we present, for the first time, the CGPS
data recorded by the Etn@net network from February 2003
to August 2008. We perform an analysis of the CGPS time
series in order to discuss the possibility of investigating time
spans characterized by coherent crustal deformation patterns
and in which homogeneous volcanic sources can clearly be
distinguished. This is a crucial issue in volcanic areas such
as Mt. Etna, characterized by large and fast deformations. In
our view, geodetic techniques like episodic GPS or EDM
campaigns or InSAR data, constrained by the time span
between two successive data acquisitions, may be ill-suited
to consider non-coherent deformation phases (e.g., charac-
terized by inflation and deflation together) and consequently
to model non-homogeneous volcanic sources and processes.

[s] After a close investigation of the time series, we pro-
vide an image of the sources related to deflation-inflation
cycles, calculated through the analytical modeling of the
recorded CGPS data. The aim of this kind of analysis is to
improve knowledge of the processes related to magma
migration beneath Mt. Etna and their temporal evolution.
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Every single phase has been constrained in time and space
and a possible logical framework connecting all the phases is
proposed.

[6] We have also explored the potential of strain rate maps
when applied to volcano monitoring. Their importance lies
in synthesizing, in a simplified way, the large amount of
information derived from a GPS velocity map. The mapped
strain rate parameters can help us: 1) analyze the detailed
features of the deformation pattern of the different portions
of the volcano; 2) pick out rotation components in some
areas; and 3) deduce where seismic activity might occur.

[7] The final step of this study is a comparison between the
observed strain field, as described from the inversion of GPS
velocities, and synthetic strain rate fields, as calculated starting
from theoretical velocity maps obtained from the modeled
active sources. The difference between the two strain maps has
enabled identification of the magnitude and spatial extent of
ground deformations due to non-volcanic processes (e.g.,
movements of local faults, creep phenomena, etc.).

2. Mt. Etna: Geological Setting

[s] Mt. Etna (Figure 1) is a Quaternary composite volcano,
characterized by Na-alkaline magmatism, which has grown
to its present elevation of about 3320 m by the accumulation
of lavas and pyroclastics erupted during the last 200 kyr
[Gillot et al., 1994]. 1t is located at the front of the Maghre-
bian thrust belt on the footwall of a Late Quaternary east-
facing crustal scale normal fault system [Ellis and King,
1991; Monaco et al., 1997; Hirn et al., 1997; Bianca et al.,
1999; Nicolich et al., 2000; Argnani and Bonazzi, 2005],
which has partially reactivated the Malta Escarpment, a
Mesozoic discontinuity separating the continental crust of
the Pelagian Block [Hyblean Plateau; Burollet et al., 1978]
from the oceanic crust of the lonian Sea [Makris et al., 1986].
The eastern and southern sectors of the volcano lie mostly
on an Early Middle Pleistocene foredeep clayey succession,
deposited on the flexured margin of the Pelagian block and
containing several levels of basaltic pillow lavas and hyalo-
clastites dating back to 500-250 kyr [Gillot et al., 1994].

[9] The tectonic setting of Mt. Etna is commonly inter-
preted as due to the interaction of regional tectonic and local-
scale volcano-related processes. Recent focal mechanism
analysis and stress tensor computations indicate that a dom-
inant ca. N-S compressive domain in the lower crust
(h > 10 km) beneath the western sector of Mt. Etna [e.g.,
Patane and Privitera, 2001] coexists with a ca. ESE-WNW
extensional regime [e.g., Monaco et al., 2005]. Furthermore,
the volcanic edifice is subject to local stress due to dike
forming intrusions that ascend mostly along the North-East
and South Rift zones. The most outstanding tectonic features
at Mt. Etna are clearly recognizable on the eastern flank of
the volcano, where morphological evidence of active faulting
exists (Figure 1). In particular, the Pernicana fault system,
on the northeastern flank, and the Mascalucia-Tremestieri-
Trecastagni fault system, on the southeastern flank, are con-
sidered two of the most important features for understanding
the dynamics of the volcano [Lo Giudice et al., 1982].
According to many authors, these faults would be connected
through the North-East Rift and South Rift, crossing the
summit craters to define an unstable sector (Figure 1) [Neri
et al., 2004; Rust et al., 2005]. This sector of the volcano is
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affected by a long-term sliding toward the ESE, resulting
from the interaction between gravity, thermal -effects,
regional tectonics and dike intrusions [McGuire and Pullen,
1989; Borgia et al., 1992; McGuire et al., 1996; Rasa et al.,
1996; Borgia et al., 2000; Froger et al., 2001]. The eastern
sector of the volcano is bordered to the east by two active
NNW-SSE (the Acireale-Sant’Alfio system) and NNE-SSW
(the Piedimonte system) faults systems called “Timpe,”
which can be considered the northernmost prolongation
of the Malta Escarpment (Figure 1). These faults, roughly
parallel, reach a length of about 10 Km, a vertical offset of
more than 200 m and have been active since the Tortonian
[Monaco et al., 1995]. Conversely, in the western sector of
Etna, there is only slight morphological evidence of faulting,
such as some short segments of faults observable on the
southwestern flank [Monaco et al.,2010]. However, it should
be considered that the faults with morphological evidence
may represent only a part of the tectonic structures present in
the Etnean area and hidden fault segments could be covered
by the huge pile of volcanic products [e.g., Azzaro, 1999].
Indeed, most recent seismic studies [Bonaccorso and Patane,
2001; Bonaccorso et al., 2004; Patanée et al., 2005] show the
existence of several notable segments of unknown faults, ca.
NE-SW and ENE-WSW oriented, both on the western [6—
8 km length, Bonaccorso et al., 2004; Bonanno et al., 2011]
and on the east-northeastern [up to 10 km length, Patané
et al., 2005] flanks of the volcano.

3. Volcanological Patterns During the Period
2003-2008

[10] Our analysis starts from the end of the deflationary
phase related to the 2002—2003 eruption. This eruption was
characterized by the opening of two distinct fractures along
the upper northeastern and southern flank and was preceded
by very few precursors in terms of seismicity and ground
deformation [Monaco et al., 2005; Aloisi et al., 2003]. Such
a highly explosive eruption had not been observed at
Mt. Etna since the 1783 event. Another peculiar feature of
this eruption was the contemporary emission of two com-
positionally distinct magmas from the two different fractures
[Andronico et al., 2005; Ferlito et al., 2009, 2012]. The
eruption ended on 28 January 2003 and the total amount of

lava emitted has been estimated at ~33-46 - 10° m’
[Andronico et al., 2005].
[11] Following the 2002-2003 eruption, Mt. Etna

remained quiet for more than 19 months. During this period,
some of the summit vents showed continuous degassing with
occasional flurries of deep-seated explosive activity [Allard
et al., 2006]. On 7 September 2004, a new flank eruption
began on the eastern flank, along a system of E-W and NNE-
SSW oriented fractures (Figure 1). The 2004-2005 eruption
was entirely different from the 2002-2003 one and was
characterized by an outpouring of degassed magma. The
peculiar characteristic of this eruption was the absence of any
geophysical and geochemical precursor and its slow initial
evolution [Burton et al., 2005]. Following the hypothesis of
some authors [Burton et al., 2005], this eruption was trig-
gered by the coupling between the strain related to the
accumulated stress in the unstable eastern sector of the vol-
cano and the recharge process (inflation) that followed the
2002-2003 eruption, allowing the degassed magma residing
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Figure 1. (bottom) Sketch map of Mt. Etna: (1) North-East Rift; (2) Pernicana fault; (3) Ripe della Naca
fault; (4) Santa Venerina fault; (5) Timpe fault system and Moscarello fault; (6) Mascalucia-Tremestieri-
Trecastagni faults system; (7) Ragalna fault. Mt. Etna Permanent GPS network (Etn@net termed) is also
reported (white diamonds). Dotted box delimits the area reported in Figures 6-11. (top left) The location
of Mt. Etna in the central Mediterranean area: MF, Messina-Fiumefreddo line; HP, Hyblean Plateau;
ACPB, Acate-Caltagirone-Ponte Barca line. The location of IGS CGPS stations introduced into the proces-
sing (black points) is also shown. (top right) The summit craters: NEC, Northeast Crater; VOR, Voragine;
BN, Bocca Nuova; SEC, Southeast Crater. Lava flows of the 2004-2005, 2006 and the 2008 eruptions are
also reported, together with the eruptive fractures.
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in the superficial plumbing system of the Southeast Crater
(Figure 1) to pour out. The eruption ended in March 2005.

[12] On 14 July 2006, a new eruption started from a vent
at the base of the Southeast Crater [Neri et al., 2006b]. After
the onset of the eruption the volcanic tremor slowly
increased and a new vent opened three days later. A few
days after, the maximum level of amplitude of the volcanic
tremor was reached and some episodes of lava fountaining
were observed. Like the 2004 eruption, this eruption was not
accompanied by evident geophysical parameter changes,
even if the 2006 eruption was characterized by strong
degassing from the uppermost vent, with strong strombolian
activity. The eruption ended on 23 July 2006. The volcanic
activity restarted at the Southeast Crater at the end of August
2006, with strombolian activity and the formation of new
short lava flows expanding eastward for about 1 km
[Bonforte et al., 2008]; the activity lasted until mid-Sep-
tember. A new eruptive fracture opened on 13 October from
the eastern base of the Southeast Crater, along an ESE-
WNW trend, and an effusive activity started forming lava
flows that spread eastward. On 26 October, a new fracture
opened on the opposite side of the Southeast Crater,
involving also the southern flank of the Bocca Nuova Crater.
The opening of the fractures was not accompanied by geo-
physical parameter changes. Only episodic increases in
volcanic tremor accompanied the more intense degassing
events and the strombolian activity [Bonforte et al., 2008].
The eruption activity ended on 15 December 2006 [Bonforte
et al., 2008].

[13] Between 2006 and 2008, many episodes of explosive
activity and lava fountaining were observed at the sum-
mit area of the volcano. In particular, the episodes of 4-5
September 2007, 23—24 November 2007 and 10 May 2008
were noteworthy [Andronico et al., 2008].

[14] On 13 May 2008 a new eruption started from a dike
which propagated from the summit area toward the NNW
direction for about 2.5 km and with a width of about 800 m
(Figure 1) [Aloisi et al., 2009]. Unlike the 2004-2005 and
2006 eruptions, the initial phase of the May 2008 eruption
was preceded and accompanied by strong seismic release.
Indeed, more than 230 events located in the northeastern
area were recorded on 13 May [Aloisi et al., 2009]. Fur-
thermore, the beginning of the eruption was accompanied by
marked deformations, measured by permanent GPS and tilt
networks, and lava fountaining activity [4loisi et al., 2009].
The eruptive event, characterized by an almost steady
magma supply, lasted until July 20009.

4. Geodetic Network and Data Processing

[15] The continuous GPS (CGPS) monitoring of ground
deformations on Mt. Etna started in November 2000. Since
then the Etn@net permanent network has been improved,
reaching the configuration of 13 stations already by 2003, up
to the current configuration of 36 GPS stations that cover
most areas of the volcano edifice (Figure 1). In this paper,
data collected by the Etn@net network between the end of
the 2002-2003 eruption and the beginning of the 2008
eruption have been analyzed in order to investigate the
ground deformation pattern affecting the Mt. Etna volcano
during this period.
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[16] The CGPS data were processed with the GAMIT/
GLOBK software [King and Bock, 2004; Herring, 2004]
packages with IGS (International GNNS Service - http://
igscb.jpl.nasa.gov) precise ephemerides and Earth orienta-
tion parameters from the International Earth Rotation Ser-
vice (http://www.iers.org) Bulletin B.

[17] Data from 9 continuously operating IGS stations
(AJAC, CAGL, GRAS, GRAZ, LAMP, MATE, MEDI,
NOT1 and NOTO; Figure 1) were also included in the pro-
cessing with the GAMIT software to combine the daily
individual solutions in GLOBK with estimates obtained
from a similar analysis at the Scripps Orbit and Permanent
Array Center (ftp://garner.ucsd.edu/pub/hfiles) of observa-
tions from continuous GPS stations of the regional EURA
network. By using the GLORG module of GLOBK
[Herring, 2004] the loosely constrained daily solutions were
transformed into the ITRF2005 reference frame [Altamimi
et al., 2007] and then rotated into the Etn@ref local refer-
ence frame [Palano et al., 2010].

[18] Detailed studies of CGPS data indicate that the noise
in GPS time series may be characterized by a combination of
random (white) and correlated (colored) noise that depends
on several factors, i.e., satellite and tracking network, mon-
ument stability, atmospheric conditions, etc. [Mao et al.,
1999; Dixon et al, 2000]. In GPS processing with
GLOBK, noise is usually added as a time dependent random
walk error in the velocity estimation. Following the proce-
dure described in McCaffrey et al. [2007], we added 1 mm/
yr'? and 2 mm/yr'’? of random walk noise in the horizontal
and vertical coordinates respectively in our processing,
which represent appropriate values for Mt. Etna CGPS data.

[19] The results of the processing are reported here in
terms of GPS velocity fields and time series of the length
variations between GPS stations.

5. Ground Deformation Pattern From CGPS
Data

[20] In order to detect the different volcanic phases of Mt.
Etna, we have analyzed the time series of the length varia-
tions between the EMAL and EMGL stations (Figure 2).
The capacity to track inflation-deflation phases through GPS
baselines length variations has already been highlighted in
Aiuppa et al. [2010] and in Patané et al. [2005]. Here we use
the EMAL-EMGL baseline measured from 2003 to 2008, to
precisely constrain the timing of the changes in the defor-
mation style at Mt. Etna. We have selected the EMAL-
EMGL baseline among all the possible choices because: 1)
both stations are located on the western flank of the volcano
(Figure 1) that, as postulated by some authors, shows a
nearly elastic response to the inflation/deflation phases
[Bonaccorso and Davis, 2004; Patane et al., 2005]; 2) the
GPS stations are continuously operating throughout the
investigated time period; 3) the length variations between
EMAL and EMGL stations is closely linked to the eruptive
cycle as they are outside any standard noise sources that are
usually considered to affect CGPS time series [Mao et al.,
1999].

[21] If we assume that any change in the deformation style
of a volcano means that the source of the deformation itself
is changing (in position, volume or both), the obvious con-
sequence is that the constraint of timing, coupled with a
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Figure 2. Time series of the length variations between the
EMAL and EMGL CGPS stations. Vertical dotted lines sep-
arate the six different periods of volcanic activity, recog-
nized on the basis of the changes in the slope of the
baseline: February 01, 2003—September 06, 2004 (period
a); September 07, 2004—March 31, 2005 (period b); April
01, 2005-August 31, 2006 (period c); September 01,
2006-December 15, 2006 (period d); December 16, 2006—
May 13, 2008 (period e); May 14, 2008—August 4, 2008

(period f).

good spatial coverage of GPS stations over the volcanic
area, is fundamental for a correct estimation of the ground
deformations sources. Moreover, as testified by Figure 2, Mt
Etna is subject to large and fast deformations and the risk of
confusing the contribution of different volcanic sources is
high when applying “non-continuous” geodetic investiga-
tions (periodical field campaigns or InSAR data).

[22] By analyzing Figure 2, we can observe that the
baseline length increases during volumetric changes of
magma (or probably during the upraise of a batch of magma)
that induces the edifice to grow, and decreases during and
after the eruptions, when magma outpours. Accordingly, we
can identify six different periods of volcanic activity, three
inflation phases forerunning respectively the 2004-2005,
2006 and the 2008 eruptions, and three deflation phases
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occurring during these three eruptions. More specifically
the investigated time intervals are: a) February 01, 2003—
September 06, 2004; b) September 07, 2004-March 31, 2005;
¢) April 01, 2005—-August 31, 2006; d) September 01, 2006—
December 15, 2006; ¢) December 16, 2006-May 13, 2008;
f) May 14, 2008-August 4, 2008. The timing of the short-
time variations identified in the EMAL-EMGL baseline shows
a good correspondence with the observed volcanic activity.

[23] Furthermore, we have noticed that the short-term
variations (from ~3 months to ~1.5 years) in the time series
of the EMAL-EMGL baseline overlie a major inflation of
the volcanic edifice, that corresponds to a roughly linear
increase of the EMAL-EMGL relative distance since 2001
(Figure 2).

[24] Indeed, the length of the EMAL-EMGL baseline
increased by about 10 cm from 2003 till the end 0of 2009. The
lengthening of the baseline reaches a value of about 20 cm
if we consider the variation since July 2001, including also
the considerable offset (of about 7 c¢cm) recorded between
October and November 2002 (2002-2003 eruption). This
pattern indicates that the volcanic edifice was inflating at
least since 2003 and that this main process is accompanied by
minor short-time inflation/deflation phases.

[25] For each different volcanic phase that has been iden-
tified through the analysis of the time series of the EMAL-
EMGL baseline, we have computed the velocities of GPS
stations in the local Etn@ref reference frame [Palano et al.,
2010], by approximating the observed deformation through
linear velocities. Figure 3 shows that the Etnean velocity
fields are characterized by a well-defined and marked radial
pattern on the upper eastern, western, southern and northern
flanks of the volcano. Differences with respect to a radial
pattern were observed on the lower eastern flank of Mt. Etna
where the CGPS stations move toward South-East through-
out the analyzed time period.

[26] In particular, the CGPS stations move radially out-
ward during recharging phases or intrusion processes, while
an inward motion is observable during the deflations of the
volcanic edifice that accompany eruptive events. In these
two different situations, the magnitudes of the horizontal
velocities are quite different. We can observe that during
deflation episodes (Figures 3b, 3d, and 3f) the CGPS sta-
tions in the summit areas and along the western flank of the
volcano move with velocities that are in general at least
twice as great as those measured for the same stations during
inflations (Figures 3a, 3c, and 3e), in agreement with the
rapid change of the slope of the EMAL-EMGL baseline
(Figure 2) observed during the deflation phases. On the
contrary, the magnitude of the horizontal velocities is in
general greater during inflation periods along the low and
mid-upper eastern flank of the volcano compared these same
stations during deflation.

[27] The behavior of the mid-upper eastern flank stations
suggests that the GPS velocities can be considered as the result
of two different components having a similar direction: 1) a
radial component (inward or outward directed) due to volcanic
processes (inflation/deflation phases) and 2) a southeastern
component due to the anomalous displacements of the eastern
flank. In particular, during the inflation phases the two com-
ponents have the same orientation (both along a southeastern
direction) and their effects combine, while during the con-
tractions of the volcanic edifice, the southeastern directed
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Figure 3. Observed horizontal GPS velocities (black arrows) with 95% confidence ellipses in the Etn@ref
reference frame [Palano et al., 2010] and modeled (white arrows) horizontal velocity field for each phase
obtained using the Yang et al. [1988] model.
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velocities are maintained only by the stations of the lower
eastern flank. In this last case, the radial inward directed
component prevails over the component due to the south-
eastern motion of the eastern flank, inducing a lower module
of the velocities of the mid-upper eastern flank stations with
respect to the stations of the rest of the volcanic edifice.

[28] Figures 3a and 3c show that the velocity fields charac-
terizing the inflation phases preceding the 2004-2005 and
2006 eruptions are comparable. The most evident differences
concern the stations EPLU and EPDN, in the summit craters
area, which underwent a decrease in their horizontal velocities,
from 27.5 mm/yr and 95.0 mm/yr respectively before the
2004-2005 eruption, to 12.6 mm/yr and 35.5 mm/yr during
the new inflation phase that followed that eruption, and
EMEFN, located on the eastern flank, that changed its velocity
from 82.3 mm/yr to 56.3 mm/yr. Also, stations EC10 and
ELEO of the eastern flank show a decrease in their velocities
by about 6 mm/yr and 12 mm/yr, respectively (Figures 3a and
3c¢). Nevertheless, while the stations EMFN and EC10 change
their motion from the southeast direction to a centripetal pat-
tern toward the summit craters, during the 2004-2005 and
2006 eruptive events, the station ELEO continues moving
toward southeast (Figures 3b and 3d). From the analysis of
CGPS velocities we can deduce that the ground deformation
pattern affecting the Mt. Etna volcano at least since 2003 is
clearly driven by two important mechanisms: 1) inflation/
deflation cycles of volcanic origin, mainly revealed on the
upper western flank; 2) a predominant southeastward move-
ment of the eastern flank of the volcano, according to
Bonaccorso et al. [2006] and Bonforte et al. [2008]. The
kinematics of the eastern flank is the result of the interplay
between the two different mechanisms. This last observation is
not in agreement with the hypothesis of the wholly indepen-
dent behavior of the entire eastern flank of the volcano,
according to which the motion of the eastern flank would be
unrelated to its magmatic and eruptive dynamics [Bonforte
and Puglisi, 2003; Bonforte et al., 2008, 2011], while the
interplay between magmatic processes and the edifice
spreading was already analyzed by Lundgren et al. [2004] by
radar interferometry. The effects of the volcanic activities, of
the gravitational loading and of the medium heterogeneities on
the eastern flank were clearly shown by Aloisi et al. [2011b].

[29] Regarding the vertical velocities, Figure 4 highlights
that: 1) a general subsidence is measured everywhere during
eruptive periods, with higher subsidence rates in the summit
areas (Figures 4b, 4d, and 4f); 2) a diffuse uplift is observed
during recharging phases, except for the lower eastern flank,
where the computed velocities are still negative (Figures 4a,
4c, and 4e). Therefore the whole lower eastern flank is
marked by a general subsidence over the entire analyzed time
interval, although this is not uniform and constant. This is
evident if we compare the vertical velocities for the three
analyzed inflation phases (Figures 4a, 4c, and 4e). Indeed,
while the area affected by the subsidence is similar during the
phases preceding the 2004-2005 and 2006 -eruptions
(although the subsidence rate is higher during the 2004-2005
pre-eruptive period) (Figures 4a and 4c), after the 2006
eruption the area affected by subsidence spread over the
upper part of the volcano (Figure 4¢). The higher negative
values were measured along the North-East Rift zone (see
EDAM and EMCN CGPS stations, Figure 4e) and near the
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northern sector of the Timpe fault system (see ESAL CGPS
station, Figure 4e).

6. Analytical Models of the CGPS Data Recorded
During the Inflation-Deflation Phases

[30] The surface displacement fields for each of the vol-
canic phase described in the previous paragraph were mod-
eled to relate the observed crustal deformation patterns to
pressure sources acting inside the volcano and to examine
how pressure sources evolved. The modeled periods start
with the inflation phase following the 2002-2003 eruption
[e.g., Aloisi et al., 2011b] and ends with the deflation phase
accompanying the 2008 eruption [e.g., Aloisi et al., 2009].
We used the entire CGPS network except the stations
ECAN, ECNV and EPMN (Figure 1), which are located far
outside the volcano edifice and that show a deformation
pattern not directly linked to the volcanic dynamics but to a
more broad scale tectonic deformation. Moreover, the lower
eastern flank of the volcano is affected by an ESE-ward
motion whose origin is still controversial and, as mentioned
in the previous paragraph, is not always directly or simply
correlated to the magmatic dynamics (for a summary, see
sections 6 and 7 in Aloisi et al. [2011b] and reference
therein). Therefore, for this modeling aimed at imaging the
pressure magmatic sources exclusively, we did not take the
GPS stations located on the lower eastern flank of the vol-
cano (ELAC, ELEO, EPOZ and ESAL; Figure 1) into
account. We verified that their use distorts the modeling
solutions (see after). On the other hand, the mid-upper east-
emn flank shows both the effect of the volcanic processes
(inflation/deflation phases) and the effect of a southeastern
displacement. Therefore, the GPS stations located on the
intermediate eastern flank (EMFN and EC10) were modeled
during the deflation phases exclusively (Figures 3b, 3d, and 31),
because during the inflation phases they showed amplified
displacements that were not coherent with the overall recor-
ded deformation pattern (Figures 3a, 3c, and 3e). Finally, we
did not use the EPDN data during the first phase (Figure 3a)
and the EMCN data during the fifth phase (Figure 3e) since
they were affected by local phenomena of anelastic dis-
placements, most likely due to the proximity to volcanic
fractures.

[31] We performed an analytical inversion of CGPS data,
describing the pressure source with the arbitrarily oriented,
finite, prolate and spheroidal cavity embedded in an elastic
half-space of Yang et al. [1988]. We chose this source model
among the other models published in literature [e.g., Mogi,
1958; Davis, 1986; McTigue, 1987] since, in this case, it
shows a good trade-off between the number of degrees of
freedom and the obtained data fit. The model of Yang et al.
[1988] is determined by eight parameters: the coordinates
X, and y. of the spheroid center, the coordinate z. of the
spheroid center depth, the azimuth 6 measured counter-
clockwise from the positive y direction around the z axis, the
dipping angle ¢ measured clockwise from the positive y
direction around the x axis, the major semi-axis a, the ratio b/
a between the minor and major axes, the intensity of the
pressure P on the surface of the spheroid. The inversion was
performed by using the Genetic Algorithms (GA) approach
that solves nonlinear optimization problems using a global
heuristics search [Goldberg, 1989]. Successively, starting
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Figure 4. Observed vertical GPS velocities (black arrows) in the Etn@ref reference frame [Palano et al.,
2010] and modeled (white arrows) vertical velocities for each phase obtained using the Yang et al. [1988] model.
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Figure 5. Pressure sources modeled for each phase (inflation
inred and deflation in blue). The respective uncertainties of the
location are also reported in light red or light blue. The surface
and vertical projection of the modeled 2008 dike-forming
intrusions [Aloisi et al., 2009] is shown (light red). The con-
sensus magma pathways (black asterisks) historically resolved
by GPS, seismic and other geophysical data are indicated
(see Aloisi et al. [2011a] for an overview). The trace of the
high and low v, body estimated by Aloisi et al. [2002] is also
shown. Redrawn by Aloisi et al. [2011a].

from the optimum solutions obtained using the GA approach,
we applied the Pattern Search technique, which performs a
search on a dynamic grid over the space of the source para-
meters [Lewis and Torczon, 1999]. Finally, to estimate the
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uncertainty of each optimized source parameter, a Jackknife
re-sampling method [Efron, 1982] was adopted.

[32] We included the effects of the topography using the
topographically corrected method of Williams and Wadge
[2000]. This approach is a more precise method to model the
combination of horizontal and vertical deformation with
respect to the varying-depth model of Williams and Wadge
[1998], which assumes a different elevation for each record-
ing station corresponding to the relative elevation. It is note-
worthy that, in our case, the Williams and Wadge [2000]
approach provided deeper pressure sources of about 2 km with
respect to the Williams and Wadge [1998] correction.

[33] Final optimal solutions for each phase are shown in
Figure 5 and Table 1. The modeled and recorded deforma-
tion patterns are shown in Figure 3 and Figure 4. For all
phases, we obtained a reduced chi-square equal to 1.0 con-
sidering the horizontal and vertical displacements with a
value for the a-posteriori standard deviation of 0.016 m and
0.016 m, 0.006 m and 0.009 m, 0.015 m and 0.015 m,
0.003 m and 0.005 m, 0.005 m and 0.007 m, 0.004 m and
0.006 m, for the six phases respectively. Mainly for the two
first inflations, the obtained uncertainties are bigger than the
instrumental errors (few mm in the horizontal displacements
and two or three times that in the vertical ones). We maintain
that the remaining misfit is due to the use of a model that is
still too simple with respect to a “volcano real model”
because it does not consider, for example, a free shape for
the deformation source but only a simple ellipsoidal shape.
Moreover, our model does not account for the medium
heterogeneities.

[34] Using a suitable value of the effective shear modulus p
for a hot volcanic region equal to 5 GPa [e.g., Bonafede et al.,
1986; Davis, 1986; Bonaccorso et al., 2005], we calculated
the volume change AV (Table 1) according to Tiampo et al.
[2000]. Dividing the volume change AV by the duration of
the phase, we estimated the inflation or the deflation rates for
each phase (Table 1). The deflation rate can be usefully
compared with the emission rate recorded during the eruptive
periods (Table 1).

[35] Our results show a clear separation between the
inflation and the deflation sources (Figure 5 and Table 1).

[36] The inflation sources are located, within 4.0 and
5.5 km (b.s.l.) and are characterized by an elongated shape.
The maximum depth of the inflationary source can be asso-
ciated to the minimal pressure at which volatiles (e.g., H,0)
are dissolved in magma with basaltic composition [cf. Ferlito
and Lanzafame, 2010, and references therein].

[37] This depth could therefore be seen as critical, marking
the beginning of the gas exsolution; we can therefore assume
that the observed displacements are related to this process
and, in particular, to the boiling of the water contained in the
Etnean magmas. Moreover, our results show that the infla-
tion pressure sources are located between the eastern border
of the low velocity zone and the western border of the high
velocity zone (Figure 5) found by Aloisi et al. [2002]. The
low velocity-zone is located in the upper 3 km (b.s.1.) beneath
the volcano’s southwestern flank (Figure 5). This zone is a-
seismic and its location corresponds to the volume where the
presence of a magma chamber was hypothesized on the basis
of seismic b-value mapping [Murru et al., 1999]. The domain
below the low-velocity zone, bordering the high-velocity
zone to the West [Aloisi et al., 2002], is characterized by a
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high earthquake occurrence rate and it is considered a
weakness zone with brittle behavior and a high degree of
rock fracturing. It may be supposed that this zone includes
paths for magma rising and stationing [A4/oisi et al., 2002]. In
this framework, the area where we found the inflation pres-
sure sources is compatible with the path along which the
magma rises.

[38] The deflation pressure sources are located to the East
with respect to the inflation sources, just below the Central
Crater area (Figure 5). Unlike the inflation sources charac-
terized by an elongated shape, the deflation sources showed
an almost spherical shape. Moreover, they shift over time
toward the volcano surface, from about 5.5 toward 2.0 km
(b.s.l).

[39] The calculated deflation rates are slightly higher than
the recorded emission rates for the first two deflation phases
but always compatible (Table 1). For the last deflation
phase, we obtained the same values. Moreover, we obtained
a progressive decrease of the involved magma volumes
(Table 1). This coincides with the progressive decrease of
the slope of the baseline during the recharging phases
(Figure 2) and with the progressive shortening of the dura-
tion of the deflation phases (Figure 2).

[40] Finally, we performed some tests to verify the effect
of the inclusion, in the modeling phase, of the stations
located in the eastern flank. As already mentioned, we
excluded the GPS stations of the Eastern flank (ELAC,
ELEO, EPOZ and ESAL; Figure 1) because it is well known
that the eastern flank is spreading seaward. The ground
deformation pattern indicates that the displacement vectors
are mainly oriented toward SE and South. The origin of this
movement is still controversial and is most likely not always
directly or simply correlated to the magmatic dynamics.
Trying to explain the whole volcano deformation pattern, we
performed an analytical inversion using contemporaneously
an ellipsoidal pressure source [Yang et al., 1988] and one of
the deep detachment planes proposed in literature to take
into account the strong motion recorded on the eastern flank
[e.g., Palano et al., 2008; Puglisi et al., 2008]. The chosen
detachment surface has the following characteristics: azi-
muth of N21°E, extension in depth from —1.4 km (b.s.1.) to
—3.9 km (b.s.l.) with a dip angle of —11.6°, length of
26.4 km, width of 12.3 km. We always applied the Williams
and Wadge [2000] topographical correction. We obtained
volcanic sources sometimes much deeper than the solutions
estimated excluding the motion of the eastern flank. More-
over, the fit of the stations located on the summit and on the
intermediate altitudes worsened considerably. We maintain
that this worsening is due to the use of an overly simple
planar model to explain the really complex motion of the
eastern flank whose dynamics, as aforementioned, is not
uniquely interpreted and not directly linked to the magmatic
dynamic that here we would model. Therefore, we retain
that, the better choice to provide a suitable modeling of the
magmatic sources is the exclusion of the eastern flank sta-
tions, as their use can severely distort the solutions.

7. Strain Rate Analysis

[41] In order to extend the knowledge of the crustal ground
deformation pattern on Mt. Etna during the 2003-2008 time
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period, we have inverted the GPS velocities to model the
strain rate fields.

[42] We have modeled the six periods discussed in the
previous paragraphs by applying the method that was first
described by Haines and Holt [1993], improved by Holt and
Haines [1995] and explained and also used in other papers
[e.g., Haines et al., 1998; Kreemer et al., 2000]. This meth-
odology has already been widely applied to plate boundaries
zone or seismogenic areas both on a regional and local scale
[Kreemer et al., 2000; Beavan and Haines, 2001; Mattia
etal., 2009, 2011] but represents a novelty in volcanic areas.

[43] The technique allows mapping geodetic velocities into
a complete, horizontal velocity gradient tensor field within
the investigated area. The velocity field v(x) is described by a
rotation vector function W(x),

v(X) =rW(x) x x

where x is the unit radial position vector on the Earth’s sur-
face and r is the radius of the Earth. The rotation vector
function W(x) is expressed using a bicubic Bessel interpo-
lation on a curvilinear grid [Haines et al., 1998]. The hori-
zontal strain rates, and the rotation rates about a vertical axis,
are defined by expressions involving the spatial derivatives
of the rotation vector function W(x).

[44] The optimal strain rate distribution, associated with
the GPS velocities, is obtained through the minimization of
the following functional in a formal least squares inversion

e Z Z (éif)TV;'/,kfl(Ek,)

cells ij,kl

+ Z Z (‘71' o ‘—)iubs) TV’_J_—I (‘7] o \7]-0175)7

knots ij

where V;; is the variance-covariance matrix of the expected
strain rates, V;; is the variance-covariance of the GPS veloci-
ties, ¥;°”, and v; and & ;7 are the model values of velocity and
strain rate, respectively. We use an adjustable isotropic com-
ponent of strain rate variance, embedded in V; 5, as a measure
of the a priori expected departure of strain rates from a long-
term secular field. Such a departure would be a transient
associated with volcanic inflation or deflation. This isotropic
component of variance is adjusted until the reduced Chi-
square misfit to the GPS velocities is optimal (around 1.0).
This single adjustable parameter is isotropic, and constant
everywhere, because there is no a priori expectation on the
style or distribution of potential strain rate transient associated
with volcanic deformation. The optimization of the functional
provides a minimum in the second invariant of the model
strain rates, normalized by the a priori variance-covariances,
while also providing a minimum in misfit to the GPS (reduced
Chi-square misfit of 1.0).

[45] We have designed a grid region surrounding Mt. Etna
where we were able to model the CGPS data and we
experimented with different grid sizes in order to maximize
the resolution for the given station spacing. The model is
calculated on a regular 0.05° x 0.05° grid, whose nodes do
not coincide with any of the geodetic monuments and which
extends from a longitude of 14.80° to 15.25° and a latitude
0f'37.50° to 37.90° (Figure 1). The model parameters shown
in this paper are continuous areal strain rates, shear strain
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rate magnitudes associated with a strike-slip component of
deformation and rotation rates. We have calculated area
averages (within grid cells) of these quantities and the a
posteriori model uncertainties and model resolution.

[46] We used the whole CGPS network except the stations
ECAN and ECNV (Figure 1), which are located far outside
the volcano edifice, while we considered the station EPMN
in the inversion that could be useful to eventually investigate
the change in deformation style observed across the Perni-
cana Fault System (Figure 1) [Palano et al., 2009; Bonforte
et al., 2011]. Moreover, unlike the procedure of volcanic
source modeling (see previous section), we took into
account the GPS stations located on the lower eastern flank
of the volcano (Figure 1) as we are interested in studying the
crustal ground deformation of the entire volcanic edifice.
Thus, comparing the observed strain fields with the synthetic
strain fields, as calculated starting from theoretical velocities
maps obtained from the modeled volcanic sources (Table 1),
we are able to accurately investigate the areas where non-
volcanic processes are predominant.

7.1. Strain Rate Fields and Rotation Rates at Mt. Etna

[47] In Figure 6 we plot the areal strain rates together with
the principal axes of the average strain rates within each
0.05° x 0.05° area. The increasing number of CGPS stations
over the analyzed time period has allowed an improvement
of the resolution of the model strain rate fields over time,
computed as in Kreemer et al. [2000] and reported as red
dotted lines, which mark off the area with a greater than 50%
level resolution.

[48] Figures 6a and 6¢ show that the inflation phases are
dominated by areal dilatations that spread out over the upper
part of the volcano, around the summit craters and are
bounded by zones of minor contraction on the more distant
flanks of the volcano, with radially directed principal axes of
compression. In the first phase (Figure 6a) the areal dilata-
tion extends greater to the North—East, bounded to the North
by the Pernicana fault system and the North-East Rift. The
higher extensional strain rates were computed roughly per-
pendicular to the North-East Rift, reaching values of about
2-2.5-10"" 1/s (Figure 6a), thus reflecting the presence of
subsurface stress acting along these structures.

[49] The highest positive areal strain rate values are
reached in the second recharge phase along the summit cra-
ters area (Figure 6¢), where we measure values of about
5-107"° 1s.

[s0] As already shown with the analysis of the horizontal
and vertical velocity fields, the inflation that preceded the
2008 eruption has a different behavior (Figure 6e) with
respect to the first two recharge phases. We measure areal
dilatation rates that do not exceed 2:10~'* 1/s from the
summit craters to the mid-upper eastern flank, up to the
ESAL CGPS station.

[51] The eruptions are accompanied by higher deforma-
tion rates with respect to the inflation periods. An evident
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feature in the areal strain rate during eruptive phases is a
general strong contraction that characterizes the summit area
of the volcanic edifice (Figures 6b, 6d, and 6f), accompanied
by dilatations that affect the remaining part of the volcanic
edifice. The pattern of the areal strain rate is very similar
during the 2004-2005 and 2006 eruptions (Figures 6b and 6d),
although a more intense extension along the eastern flank is
measured during the 2004-2005 eruption (Figure 6b).

[52] The last deflation phase, associated to the 2008 erup-
tion, has a different areal strain rate pattern (Figure 6f). It is
characterized by the highest contractional strain rate along
the summit area with values of about —18-10~"* 1/s. This
area is surrounded by an intense areal dilatation that reaches
values of about 12:10~"* 1/s along the North-East Rift and
the mid-upper eastern flank of Mt. Etna (Figure 6f).

[53] The strain rate analysis has also allowed detecting
geodetic rotations in the Etnean area (Figure 7). They are not
the same during the investigated time period but vary from
one volcanic phase to another, although some features are
common to different periods.

[54] During the recharge phases (Figures 7a, 7c, and 7e) we
can observe areas of clockwise rotation measured along the
upper eastern flank that disappear during deflation phases.
The maximum clockwise rotation rates are computed before
the 2004-2005 and the 2006 eruptions, reaching values of
about 2.5 -10~ "2 rad/s (Figures 7a and 7¢), while they are less
impressive during the recharge phase that preceded the 2008
eruption (Figure 7e). The clockwise rotations extend from the
summit craters during the first inflation phase and from the
upper eastern flank during the second and third ones, and are
bounded approximately to the North by the North-East Rift
and the Pernicana fault system, to the North-East by the Ripe
della Naca fault scarps and to the East by the Timpe fault
system (Figures 7a, 7c, and 7e).

[s5s] The rotation rates indicate the following: 1) the area
affected by clockwise rotation has a low internal shear strain
rate (Figures 8a, 8c, and 8¢), whereas the bounding areas or
faults are characterized by higher shear strain rates values
(see next paragraph for more details), as we might expect for
a crustal rotation; 2) they concur with the area of clockwise
rotation found by Solaro et al. [2010]; 3) they are compati-
ble with the dip-slip displacements coupled with left-lateral
components revealed along the Pernicana fault system
[Azzaro 1997, 2004] and with the indication of this structure
as a left-lateral shear zone [Groppelli and Tibaldi, 1999;
Aloisi et al., 2011b].

7.2. Comparison Between Geodetic Strain Rate,
Synthetic Strain Rate Fields by Modeled Volcanic
Sources and Seismic Energy Release

[s6] The strain rate analysis also allows inferences to be
made about earthquake hazard assessment [Beavan and
Haines, 2001]. Starting from this assumption, we wish to
see how the strain rates inferred from GPS observations
compare with the seismic energy release around Mt. Etna

Figure 6. Areal strain rates together with the principal axes of the average strain rates within the 0.05° x 0.05° grid areas.
Open arrows indicate extensional strain rates and solid arrows correspond to compressional strain rates. Note the factor of
change in strain rate scale between the (a, ¢, and e) inflation and (b, d, and f) deflation phases due to the high increase of
deformation rate during eruptive periods. The resolution of the strain rate fields [Kreemer et al., 2000] are reported as red
dotted lines, which mark off the areas with a greater than 50% resolution level.
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Figure 7. Geodetic rotation rates. Negative values indicate clockwise rotations while positive values rep-
resent counter-clockwise rotations. Note the factor of change in the scale between the (a, ¢, and e) inflation

and (b, d, and f) deflation phases. The resolutions of the images [Kreemer et al., 2000] are reported as red
dotted lines, which mark off the area with a greater than 50% resolution level.

14 of 23



B07208

BRUNO ET AL.: 2003-2008 CGPS DATA AT MT. ETNA

Te-131/s 1e-131/s
0 025 0S50 075 100 125 150 175 200 0 050 100 150 200 250 300 350 400

1e-13 1is
[ E

0 05 100 15 200 250 300 350 400

1e-131/s 1e-131/s

025 050 078 100 125 150 175 200 o 150 300 450 @00 TS50 900 1050 1200
Figure 8

15 of 23

B07208



B07208 BRUNO ET AL.: 2003-2008 CGPS DATA AT MT. ETNA B07208

Seismic energy release (Erg/km’)
Logarithm scale

[N

16 18 20 22 24 26 28 30 32 34 36 38 40 42 44

Figure 9. Seismic energy release expressed in logarithm scale for each different phase.

Figure 8. Magnitude of geodetic shear strain rate associated with the component of the strain tensor field that has a pure
strike-slip style of deformation (equal magnitudes of compression and extension principal axes). Note the factor of change
in the scale between the (a, c, and e) inflation and (b, d, and f) deflation phases. The scale used for the last deflation phase
(Figure 8f) is different from the other two phases, due to the high shear strain rate values. The 50% resolution levels of the
maps [Kreemer et al., 2000] are reported as red dotted lines.
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and try to understand if strain rate maps could provide
information regarding the occurrence of seismic activity at
Mt. Etna.

[57] In order to compare the geodetic strain rate with the
seismicity we calculated the maps of the seismic energy
release for each considered time period (Figure 9). To this
end, we took into account the instrumental seismicity
recorded in the Etnean area from the INGV-CT catalog
(available at http://www.ct.ingv.it/ufs/analisti/catalogolist.
php) where the earthquake locations are performed by using
the software Hypoellipse 2.0 [Lahr, 1989] and the crustal
velocity model reported in Hirn et al. [1991]. In particular,
we only took into account the earthquakes related with the
volcano activity by filtering out the deeper events and con-
sidering just the shallow earthquakes with a hypocentral
depth between —3 and 5 km b.s.L.

[58] According to Maaz et al. [1974], we calculated, on an
equispaced grid (step 0.01°) covering the whole area, the
cumulative quantity:

E A\?
SI[P] = SV[P7 Q} = ) eX] |:— — :|
ZQ: D i P (Zh)

0

where Q is a shallow earthquake (with maximum depth of
5 km) occurring in the considered period, h its depth, E its
energy and A is the epicentral distance to the point of
computation P. The earthquake energy is linked to its mag-
nitude according to Gutenberg and Richter [1956] by the
equation:

log E=11.8+15M

Figure 9 shows that higher seismic energy releases occur
along the eastern flank of the volcanic edifice. In particular,
the highest values of about 32 Erg/km? are measured along
the North-East Rift, the Pernicana fault system and the
Timpe fault system. It is interesting to note the good agree-
ment between seismic energy release (Figure 9) and geodetic
shear strain rate (Figure 8), mainly during the inflation
phases. Note that Figure 8 represents the magnitude of the
component of the strain rates that would accommodate pure
strike-slip faulting (equal magnitude of compressive and
extensional principal axes). The only areas in which there is
not a good correspondence are the summit craters and the
upper sector of the western flank, where nevertheless the
geodetic strain rates appear as areal dilatation or compres-
sion (Figure 6).

[s59] By analyzing the first two recharge phases of the
volcanic edifice we can notice the presence of a belt of shear
strain rate which extends from the North—East Rift to the
Santa Venerina fault and the Timpe fault system, along a
NNW-SSE direction, roughly parallel to the Timpe fault
system (Figures 8a and 8c). This belt reaches shear strain rate
values of about 1.5-10~ " 1/s, mostly along the North-East
Rift. Furthermore, we can observe a propagation of the shear
strain along the Pernicana fault system during the phase that
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preceded the 2008 eruption (Figure 8e), in agreement with
the seismic energy release (Figure 9e).

[60] These features also remain visible if we remove the
crustal deformations due to the pressure magmatic sources
acting inside the volcano. For this reason, we have com-
puted synthetic strain rate fields starting from theoretical
velocity maps obtained from the modeled volcanic sources
(see paragraph 7). The synthetic strain rate fields have been
subtracted from the strain rate fields obtained from the
inversion of the computed GPS velocities and results are
reported in Figure 10 and in Figure 11, as areal strain rates
and shear strain rates respectively. We can observe that
the areal strain rate values are heavily reduced (Figures 6
and 10). This means that they are mainly related to inflation
and deflation sources. The shear strain rates instead remain
very similar during the inflation phases (Figures 8a, 8c, 8e,
11a, 11c, and 11e). The only differences are represented by
the shear strain rates computed along the western flank of Mt.
Etna volcano. They disappear after the removing of crustal
deformation due to modeled pressure sources (Figure 11),
thus implicating a dependency on processes acting inside the
volcano. The dependency on inflation sources is instead very
small during the phase that preceded the 2008 eruption, as the
shear strain rate pattern of the entire volcanic edifice remains
almost unchanged after the removing of the effect due to
magmatic source (Figures 8e and 1le). Therefore, we can
deduce that the synthetic shear strain rate patterns
(Figure 11), mostly concentrated along the eastern flank of
Mt. Etna, could be due to non-volcanic processes.

8. Discussion and Conclusive Remarks

[61] The main aim of this work was the investigation of
the volcanic sources acting beneath Mt. Etna and their role in
the complex pattern of ground deformation measured by a
dense network of CGPS stations between 2003 and 2008.

[62] The analysis has allowed highlighting the presence of
inflation/deflation cycles of the volcanic edifice. Many
authors have proposed the existence of different categories of
cyclic patterns both in long and short-term eruptive behavior
of Etna [Imbo, 1928; Wadge et al., 1975; Guest and Murray,
1979; Behncke and Neri, 2003]. Branca and Del Carlo
[2005], on the contrary, ruled out cyclic behavior of Etna,
arguing that the activity of the volcano has been increasing
during the past few decades, although Allard et al. [2006]
suggested that the recent increase in activity may only have
accelerated the succession of the different phases of an
eruptive cycle. The choice of the period here analyzed is not
incidental. According to our data, though we cannot com-
ment on the long-term behavior of the volcano, we maintain
that there is a possible interpretation of this time span as a
small scale cycle occurring between two eruptions charac-
terized by forceful intrusions of dikes (200203 and 2008).

[63] During the 2003—-2008 eruptive cycle, in our view, the
emission of magma from the summit craters or from fractures
close to the main craters represents a phase of transition

Figure 10. Residual areal strain rates obtained by subtracting from the strain rate fields, obtained from the inversion of the
computed GPS velocities (Figure 6), synthetic strain rate fields, calculated from theoretical velocities obtained from the mod-
eled active sources. Note the factor of change in strain rate scale between the (a, c, and e) inflation and (b, d, and f) deflation
phases due to the high increase of deformation rate during eruptive periods. The 50% level resolutions of the maps [Kreemer

et al., 2000] are also reported as red dotted lines.
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during which magma enriches its content in volatile compo-
nents. This aspect is demonstrated by the progressive
decrease of the involved magma volumes (Table 1), mainly
in the last phase. It corresponds with: 1) a progressive
decrease of the slope of the EMAL-EMGL baseline during
the inflation phases; 2) smaller GPS velocities for the last
inflation preceding the 2008 eruption. This behavior could be
explained by considering the role of the volatiles content in
magma [Aloisi et al., 2011a]. In this framework, the pro-
gressive shallowing of the deflation sources is another key
point which demonstrates that between 2003 and 2008 we
have geodetically measured the effects of complex processes
where a primary role is played by the volatiles.

[64] Aloisi et al. [2011a] have modeled an elongated
plumbing system beneath Mt. Etna using CGPS data. Other
authors have excluded the presence of large-scale crustal
reservoirs beneath Mt. Etna [e.g., Corsaro and Pompilio,
2004, and references therein]. If the model proposed in
Aloisi et al. [2011a] is valid, we have observed a progressive
enrichment of fluids during the period 2003-2008 that pro-
gressively involved the elongated plumbing system, which
was filled by magma depleted in volatiles by the 2001 and
2002-2003 eruptions.

[65s] During the 2004 eruption, the arrival of new magma
enriched in volatiles content (also testified by petrological
data) drove the remaining old magma still residing in the
shallowest part of the plumbing system and, in 2006 and
2007, it produced sporadic, but strongly explosive, mani-
festations of volcanic activity where small quantities of such
“volatile-rich” magma were involved.

[66] During these eruptions, the loss of magma caused the
fast decompression that produced an increase in the rate of
volatile exsolution in a reservoir located between 2000 and
3000 m b.s.l., which led to a final forceful intrusion during
the 2008-2009 eruption that ended the cycle.

[67] The position of the inflation pressure sources is com-
patible with the path where the magma is supposed to rise,
according to the tomographic analysis of Aloisi et al. [2002].
Moreover, the progressive shallowing of the deflation sour-
ces could be due to the elongated plumbing system depres-
surizing at ever more shallow levels. Such a depressurization
is also accompanied by decreasing values of the magma
volumes calculated in our models (Table 1). It is important to
stress the importance of the “inflating body” revealed by our
models (Figure 5), that is almost the same (considering the
errors in the estimation of its position) during the whole
2003-2008 period. This level, observed also by other geo-
physical investigations [Aloisi et al., 2011b, 2002], is of
primary importance because, considering its depth beneath
the crater area of Mt. Etna (about 7 km), it corresponds to the
pressure of exsolution (180 Mp) and bubbles formation of
Etnean magmas with a normal content in water (2%).

[68] Mastin et al. [2008; 2009] have clearly shown that the
volumes of magma obtained from the inversion of geodetic

BRUNO ET AL.: 2003-2008 CGPS DATA AT MT. ETNA

B07208

data measured during the deflation which occurred after the
2004-05 eruption at Mt. St. Helens are lower than the
volumes emitted during the eruption. These authors have
also demonstrated that this difference is the expected con-
sequence of the finite compressibility of the magma and it is
not necessarily due to an almost continuous intrusion of new
magma in the shallow reservoir. The context of Mt. Etna is
different with respect to Mt. St. Helens (basaltic versus
silicic magma; an elongated and multilevel plumbing system
versus a magma chamber; a typical effusive basaltic volcano
versus an explosive one) and we can define some interesting
differences. The most important is that, at Mt. Etna, there is
no significant difference between the volumes of magma
estimated for the deflation phases and the emitted ones,
considering the errors in both the values (Table 1). This
means that the compressibility of magma does not play an
important role at Mt. Etna and confirms the absence of any
large magma reservoir. Mastin et al. [2009] define the vol-
canic system of Mt. St. Helens as “resilient and dynamic.”
On the contrary, Mt. Etna appears to be poorly resilient
(every variation due to the recharge-discharge phase induces
significant variations that potentially lead to a new eruptive
phase) and highly dynamic.

[69] We have also demonstrated that the kinematics and the
ground deformation pattern observed on Mt. Etna are not
only due to magmatic sources acting inside the volcano, but
are strongly influenced by the southeastward motion of the
eastern flank of the volcano. Nevertheless, while the kine-
matics of the northern, western, southern and upper eastern
flank of the volcano and of its summit area is mainly con-
trolled (for the considered time span) by the magmatic
sources acting inside the volcano, the mid-upper eastern
flank is clearly driven by the interplay between the two dif-
ferent components. Furthermore, the southeastward directed
motion prevails over the effects due to magmatic sources in
the lower eastern flank.

[70] These results are also confirmed by the analysis of the
strain rate maps. Indeed, the comparison between the strain
rate patterns, before and after the removing of the effect of
the modeled magmatic sources, shows that the dilatation
strain rates remain unchanged in the lower eastern flank and
the shear strain is approximately the same along the entire
eastern flank, while the strain rate values undergo heavy
reductions on the rest of the volcanic edifice. Although these
results were expected after the exclusion from the modeling
of the volcanic sources of the CGPS stations located in the
lower part of the eastern flank, they highlight the different
behavior of the eastern flank with respect to the rest of the
volcanic edifice and permit a first quantification and detailed
analysis of the strain acting in this important sector of the
volcano.

[71] Our modeling of the geodetic velocity field has
allowed us to precisely pinpoint an area of clockwise rota-
tion rates (Figure 7), which extends in the eastern flank,

Figure 11. Residual geodetic shear strain rates obtained by subtracting from the shear strain rate fields, obtained from the
inversion of the computed GPS velocities (Figure 8), synthetic shear strain rate fields, calculated from theoretical velocities
obtained from the modeled active sources. Note the factor of change in the scale between the (a, c, and e) inflation and (b, d,
and f) deflation phases. The scale used for the last deflation phase (Figure 11f) is different from the other two phases, due to
the high shear strain rate values. The 50% level resolutions of the maps [Kreemer et al., 2000] are also reported as red dotted

lines.
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bounded approximately to the North by the North-East Rift
and the Pernicana fault system, to the North-East by the Ripe
della Naca fault scarps and to the East by the Timpe fault
system. This feature is compatible with the area of clockwise
rotation found by Solaro et al. [2010] and with left-lateral
components revealed along the Pernicana fault system
[Azzaro, 1997, 2004; Aloisi et al., 2011b]. It is also inter-
esting to note the good agreement between the area affected
by higher seismic energy release and higher geodetic shear
strain values, mainly during the inflation phases. The only
areas in which there is not a good correspondence are the
summit craters and the upper sector of the western flank,
where nevertheless the geodetic strain rates appear as areal
dilatation or compression. This is a potentially important
result since it means that geodetic shear strain rate distribu-
tion can provide useful information regarding the future
occurrence of seismic activity at Mt. Etna.

[72] Finally, the strain rate analysis has allowed a high-
lighting of the different deformation behavior of the 2008
pre-eruptive period with respect to the inflation phases pre-
ceding the 20042005 and 2006 eruptions. Both the dilata-
tion and the shear strain rate patterns confirm that the
deformations that preceded the 2008 eruption were less
impressive than the other recharge periods. Our results indi-
cate a propagation of the shear strain rates along the Perni-
cana fault system that is not present in the previous phases.
This result is accompanied by the enlargement of the area of
the eastern flank involved in the subsidence, which spread
over the upper part of the volcano, and by a decrease in its
clockwise rotation rate.

[73] In conclusion, in this work we have proposed an
analysis of the geodetically observed ground deformation
pattern at Mt. Etna for the period 2003—2008. We have found
some interesting aspects that should be explored in the near
future, also considering the ever-growing number of CGPS
stations along the slopes of the volcano. We used a dual-
method approach: the inversion of the geodetic data to
determine the volcanic sources and the strain rate maps in
order to image both tectonic and volcanic effects. The main
results can be summarized in a few points: 1) The study of the
cycle between two eruptions characterized by the forceful
intrusion of magma has revealed a process of almost con-
tinuous enrichment of volatile content of the involved
magma,; 2) the strain rate analysis applied to volcano moni-
toring has emphasized its importance in summarizing, in a
simplified way, the large amount of information derived from
the GPS velocity fields. This importance is especially evident
with the observation that seismicity takes place where the
highest values of shear strain rates occur. Furthermore, the
joint use of the strain rate maps with the modeling of pressure
sources acting inside the volcano has allowed us to distin-
guish and quantify the crustal deformations of volcanic ori-
gin from deformations of different origin, which has always
been a crucial question in the study of the crustal deforma-
tions of Mt. Etna.
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