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Abstract

The Timpe Fault System is the source of very shalbut destructive earthquakes that affect
several towns and villages on the eastern flandtofEtna (Italy). In 1984, several seismic events,
and specifically on October 25, caused one fataliyinjuries and produced serious damage in the
Zafferana and Acireale territories. This seismigitys mainly related to the activity of the Fiandaca
Fault, one of the structures belonging to the TirRaelt System.

We inverted ground deformation data collected lggadimeter trilateration network set up in 1977
at a low altitude along the eastern side of theard in order to define the Timpe Fault System
faulting mechanisms linked to the seismicity in 498

We found that in the May 1980-October 1984 peribé, Fiandaca Fault was affected by a strike
slip and normal dip slip of about 27 and 23cm. Tigsult is-in—fairly-geed—acegrd with field
observations of the co-seismic ground rupturesgatbie fault but it's notably large compared to
displacements estimated by seismicity, then suggestat most of the slip over the fault plane was
aseismic.

The results once again confirm how seismicity amgbarticular ground ruptures represent a very

high hazard to the several towns and villages @thalong the Fiandaca Fault.

Keywords: Geodetic observations, flank dynamics, fault displacements, shallow earthquakes

1.0 Introduction

The determination of finite fault geometry and slgyr severe earthquakes is important for the
mitigation of seismic hazard and in particular fary shallow earthquakes that entail surface
fracturing.

On the eastern flank of Etna volcano, movementsigaleery shallow normal faults generate

recurrent seismicity sometimes leading to destvacgvents, since densely urbanized areas are
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located on these structures (e¥gzaro et al., 2012; Barreca et al., 20)l3the Timpe Fault System
(TFS) is the main source generating the strongaghguakes known over the last 200 years
(Azzaro et al., 2012)

The TFS dissects the southern-eastern flank ofB¥ta (Fig. 1) and is formed by several fault
segments that include the Fiandaca (FF), S. T&d&), S. Venerina (SVF), Moscarello (MF) and
San Leonardello (SLF) faults (fig. 2B), generallpacacterized by normal and right-lateral
dynamics%]zaro, 1999Azzaro et al., 2000

The TFS shows right-lateral and normal dip-slipekimatics and each fault segment is characterized
by earthquake related displacements of tens ofrnetdrs and aseismic sliding behavior with slip
rates of few mm/year (Bonforte et al., 202¥zaro, 200%]

Shallow seismicity (< 3 km), associated with thdéaelts, includes the occurrence of several
earthquakes with magnitude up to 44&%aro et al., 2000with epicenter in the fault areas. Despite
their low-energy release, these events producettiudéise effects, with fatalities and injuries, an
very narrow area where they can reach epicentraraosaismic intensityplup to VII/IX EMS
(European Macroseismic Scal&runthal, 1998 often accompanied by coseismic surface
fracturing (e.gAzzaro, 19992004 with a mean recurrence time of about 20 yearséro et al.,
20139. The last destructive episodes wigF\1ll were recorded on 25 October 1984 and 29
October 2002. The first is the subject of this waihkile the second, linked to the SVF dynamics,
caused damage at Santa Venerina viI@z@ro et al., 2006.a Delfa et al., 2007

During the second half of October 1984, an anonwaltarge number of seismic events,
concentrated mostly on the eastern side of theanolcwere recorded on Mt. Etnargsta et al.,
1987. The main events occurred in particular on 19 am@5 October 1984, respectively at 17.43
and 01:11, with epicentral macroseismic intensgty/ll (19.10) and VIII (25.10) EMS, which
struck the territory of Zafferana and in particulae villages of Fleri and Pisano.

The 25 October earthquake was linked to the agtnfitthe Fiandaca Fault (FFjh{zaro, 199,

while that on 19 October was located in proximitythee Santa Tecla fault (STF). In this paper, we
3
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examine the slope distance measurements collectegebn 1977 and 1985 by a geodimeter
trilateration network (lonica Network, Fig, 2A) agbh in 1977 along the eastern edge of the volcano
at low altitude (0-700 m b.s.l.) and measured ur@B5, to shed new light on the kinematic aspects
of this sequence of earthquakes. Indeed, the preliaunpublished data, except for an internal
report AA.VV., 1985in Italian), have been reviewed in the wake of kemwledge acquired in the
last two decades, enabling insights into Etna’'sesadlank dynamics that were not possible at the

acquisition time.

2.0 Mt. Etna and its structural framework

Mount Etna (Fig. 1) is a large basaltic volcandthup in a geodynamic setting generated during the
Neogene convergence between the African and Eungpletes (e.gAllard et al., 2006Branca et
al., 201). It is situated on the eastern coast of Sicilg enone of the most active volcanoes in the
world. Mount Etna’'s activity may be grouped intootwypes: persistent activity comprising
degassing phases alternating with strombolian iagtiwhich may evolve into lava fountains and
effusive events, and lateral flank eruptions odogrralong fracture systems that are generally
preceded by an intrusive process (&lgisi et al., 2009. The volcano is located at the intersection
of two main regional fault systems, having NNW-S&tl NE-SW trends—respeectively (Fig. 1).
The NNW-SSE structural system represents the &icibnshore continuation of the Malta
Escarpme%&%lle major crustal-scale fault sstpeg the continental African platform from the
oceanic lonian Basifi. Ripe Della Naca in Fig. lrespnts surface evidence related to NE-SW
Messina-Fiumefreddo (MF%Ae, while the faults tbk “Timpe” system are the major tectonic
surface manifestations of the ME. The interactietwleen regional stress, dike-induced rifting and
gravity force is the cause of a fairly continuows aoughly eastward and downward motion of its
eastern flank (e.g?uglisi and Bonforte, 2003; Solaro et al., 20IDhis sliding area (Fig. 1) is

delimited to the north by the Pernicana—Provenzaalt System (PFS) (e.@)brizzo, 2001;

4
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Alparone et al., 2013aa transtensive E-W trending complex active t@ctstructure, while the
Trecastagni—and Tremesti@faults (e%]nforte et al., 2003 represent the main southern
boundaries. The Mt. Etna GPS network has enabléd dstermine how the entire eastern flank is
affected by an ESkvard motion, at a mean rate of about 1-3 cm/yeay. Bonforte et al., 2011
Gambino et al., 20)1 Moreover, starting from 1980, the sliding areaderwent two marked
acceleration phases in October 1984-1986 and iob@ct2002 -2005, as describedAilparone et

al. (2013c) The authors also highlight a significant tempamairelation between periods of flank
acceleration and intensified seismic activity. TH€S is very active from the seismic point of view,
both for the number of events and for maximum isitgnreached at the epicentrézgaro et al.,
20139. TFS is characterized by surface faults of carsidle length (up to 8-10 km) and scarps
@aro, 1999 Lanzafame et al., 1994t includes (Fig. 2B) N140°E striking faults (FETF and
SVF), which define normal right-lateral structusedending from the town of Acireale to Zafferana
Etnea and the MF and SLF faults with N160°E stnadttrend that dissect the base of the volcano's
flank by prevailingly vertical movementéf{zaro et al., 2013a

The TFS plays a key role in the local tectonicsoanmodating the ESE motion; this fault system
divides the sliding sector into several blocksSolgro et al., 2010; Bonforte et al., 2011
characterized by homogeneous kinematics with k&atiotion measured by Permanent Scatterers
(PS) along the faults of about 3-5 mm/years in@etj period such as 1995-200B8cnforte et al.,

2011)

3.0 Mt. Etna seismicity during 1984

In October 1984, an intense seismic sequence wasded on Mt. Etha area that marked an
unusual behavior of the volcano. This swarm conegrisiore than 1000 earthquakes with M > 2.0
over two weeks (16-30 October) and that involvesl sammit area and almost the entire eastern

flank (Gresta et al., 1987; Gresta and Musumeci, 1997
5
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In particular, thousands of events, largely coneteatl on the eastern side of the volcano, occurred
from October 19 to October 3G(esta et al., 1997 The main events (Fig. 2B) were on™@t
17:43) and 28 October 1984 (at 01:12), and struck the town dfefana and the Fleri and Pisano
villages (Fig. 3).

The earthquakes caused one fatality in Zafferamhigared twelve people in Fleri. In Fleri, the
number of injuries would have been much higher, madt of the inhabitants, in great anxiety after
an initial shock at around 22.00 the day before,gpent the night outdoors. Serious damage was
caused to buildings in Zafferana but particularyFleri, which was almost entirely destroyed.
About 70% of the buildings of the entire municipaliincluding all public buildings) were declared
unfit for use (Fig. 3).

Figure 2 reports the location and epicentral mamsnsic intensity () as reported in the
Macroseismic Catalogue of Mt. EtnaNITE Working Group, 2008 An Iy of VIl EMS (European
Macroseismic Scalé;runthal, 1998is reported for the October i @vent and of VIII EMS for the
October 28 event.

In October 1984 more than 1.5 km long NW-SE tregdiracks extended from the village of Fleri
with dip-slip displacements of about 20 cm. It igrth noting that a similar ground rupture affected
the southeastern part of FF on occasion of t%}:ﬂ/ls event of June 19 19844zaro, 199).

The volcanic district of Mt. Etna, and in particuligs eastern flank, is affected by earthquakes
characterized by a strong attenuation of seismgcggnin an orthogonal direction to the fault plane.
This produces damage extending along narrow zdhé&skfn long, up to 1 km wide) around the
seismogenic sourcé\fzaro et al., 2006and coseismic surface faulting effects, repoitedietail in
historical accounts, for the major seismic eveRsgarding FF, earthquakes occurring in 1875,
1894, 1907, 1914 and 193A7zaro, 200) caused NNW-SSE trending fractures that opened for
several kilometers with prevailing extensional moeat and right-lateral displacements of several

centimeters.
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Figure 2B reports macroseismic and instrumentaltlons of the main seismic events between May
1980 and October 1984 in the TFS area. Given Hwattacroseismic epicentre is calculated as the
barycentre of the data points with intensity | & k-1, the macroseismic location and the
instrumental location may be rather differemtz{aro et al., 2000 IndeedGresta et al(1987),
using a seismic network of just a few active stagiln 1984, estimated a duration magnitude of 4.2

and 3.9 for the Zafferana and Fleri earthquakgsects/ely with different epicentres (Fig. 2B).

4.0 The “lonica” EDM network

Between 1977 and 2002, the monitoring of the hai@locomponent of ground deformation at Mt.
Etna was carried out by trilateration geodetic meghes using EDM (electro-optical distance
measurements). Three separate networks were ettt the northeastern, western, and southern
flanks (Fig. 1).

A fourth EDM network (lonica Network), was installand measured for the first time in October
1977 (Fig. 1), with the aim of verifying the podsibrelationships between the regional tectonic
activity, highly evident in this area with the peese of numerous structures, and the volcanic
activity (Fig. 2B).

The lonica Network was set up along the eastere efighe volcano, along a line from Catania to
Taormina, at low altitude (between 700 and seal)eneconsisted of 19 benchmarks and 43 lines,
which were measured yearly from 1977 to May 1980.

The slope distances were recorded by using an ABK Itaser Geodimeter (Fig. 1), and were
corrected for atmospheric conditions consideringierature and atmospheric pressure values
acquired at the measurement points. The instruthema of such measurements is 5 mm plus 1
ppm of the surveyed distance.

After the Zafferana and Fleri 1984 earthquakesr faeasurement surveys were performed in the
period October 1984 - March 1985 in the portiontlod network (Fig. 2B) covering the area

affected by the events. The first survey was madeden 26 and 31 October. These measurements
7
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involved only the southern part of the network, sisting of 9 benchmarks and 19 lines (Fig. 2B)

whose mean length is 4.7 km.

4.1 EDM Data

The results obtained from data collected from 18n7l 1985, indicate that the variations of
distance with values greater than instrumentalreoaurred mainly in the period May 1980-
October 1984, while distance variations obtaineunfthe comparison with the other surveys are
mainly within the error. In particular, changes ageto 108 mm and ten measurements showed
variations over 50 mm (Fig. 4). In the previousiper(1977-1980), the changes observed are
generally within the instrumental error thoughentt is detectable for several lines.

Ground deformation strain field is given by thefarm strain tensor componergg which can be

calculated by using variations of slope distandesder, 1969

=

AL /L =E11 COSB,+ €22 SIMTD,, + £17 SiMFS,,

whereALyn is the change in length of the line MN (with lemgi) between two points M and N
anddyy is the angle between MN direction and x-axis.

This tensor indicates the average deformation orc@ubetween two different surveys in the area
covered by the network and provides useful inforomabn the ground deformation regime of the
area (e.gBonaccorso, 2002 We calculated the principal strain axes (Fig) 2@awn from the
comparison of the overall measurement interval 108tbber 1984. We obtained a positive
extension£; = 17 + 4.4pustrain)oriented approximately orthogonal to and a conivacf, = -12.2

+ 4.4 ustrain)parallel to the FF and STF fault systems (Fig. 2).

5.0 Geodetic Data Modelling
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The surface ground deformation field for the 19884 interval was used as input to
constrain isotropic half-space elastic inversiordals usingOkada’s(1992 model. The aim of this
inversion is to characterize the FF and STF dynamiging this particular period. Unlike in 1985,
several of the geometric parameters of the twoidensd faults are known todayp4zaro et al.,
2013. Hence, reducing the unknowns, enables one toenaak inversion of the limited EDM
dataset.

We fixed the more reliable parameters (Tab. 1),levifor the more dubious ones (less
precise), we chose to leave them to be free (iange) during the inversion together with the
kinematic parameters.

To model the displacements due to each single,fawdt adopted the analytical model
described inOkada (1992, and to take the simultaneously effects of two rfwre) faults into
account we used the superposition principle. Thadalkequations give the 3D displacemégpj &t
a point P due to the fault geometry and its kinem&or a baseline between the points Pi and Pj,

we modelled the EDM distance variation as:

Aij= ||(Pi +8p,) — (Pj + 5P,-)|| =P - A

7

where||-|| is the 3-dimensional Euclidean norm operator.

In particular, we inverted for the parameters réggbrin gray in Table 1, where the
associated ranges are also shown. These valuessameations, calculated from geophysical,
geological and historical data; however, not allapaeters are available. We excluded all the lines
crossing the MF. Thus we had a total of 10 freep@ters and 13 EDM measurements. It is worth
noting in Table 1 that 5 free parameters reachx&reme in their feasible ranges. Hence, they could
be treated as fixed parameters and set to theimmoax/minimum possible values. We considered a

shear modulus of 10 GPa and a Poisson’s ratio2af @.g.Bozzano et al., 2013).
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In order to estimate simultaneously the free gedmparameters and kinematics of both the
considered faults, we inverted the EDM data by mining the weighted misfit between the
measured and calculated distances. Because ofrdhegéometric parameters, the mathematical
problem is nonlinear and the adopted minimizatitgo@thm was a hybrid approach of genetic
algorithm and pattern searchudet & Dennis, 200R The measurements were weighted with their

associated instrumental errors expressed in mieyettse formula:

oa, = V2(0.005 + 1075|| P, — P, )).

The square root of 2 is due to the error propagatccalculating the distance variatiag
neglecting the displacement.
The found model fits the EDM data with a WRMS @8&.

A Jackknife re-sampling method=ffon, 198) was used to estimate the error of model
parameters. The technique requires several optilmizaxecutions, each one deprived of just one
measurement in input. The errors at 99% are estinas 3-times the standard deviation in the set
of the found solutions.

The final results (Tab. 1 and Fig. 5) are in agrestrwith the dominant faulting style
producing a normal strike-slip movement with 2706 of dextral strike movement and 22.7 cm of
normal dip on FF, while we obtained only 6.0 cmdeixtral strike slip on STF. A comparison

between observed and modeled slope distance ige€dpo Fig. 6.

5.1. Sensitivity analysis

We carried out a sensitivity analysis in order $oatain whether our data could constrain a
valid set of fault parameters. We adopted the Sdmhlysis Gobol’, 1990, a variance-based
global method to measure sensitivity across thelevimput space, deal with nonlinear responses,
and estimate the effect of interactions in non-tdelisystems. The method breaks the variance of

the output of the model down into fractions (norzed to 1) which can be attributed (in
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percentage) to input terms. The Sobol’ first-ordetices indicate the contribution of the main
effect of each input parameter to the output vaeatherefore measuring the effect of varying the
input parameter alone, averaged over variationthrer input parameters. We adopted the
algorithm inCannavo (2012fo calculate the first-order Sobol’ indices of @ile fault parameters
given in our EDM data. The indices reported in Babkepresent the fraction of variance in the data
that can be attributed to each fault parameter. Aigker the fraction, the more constrained is the
parameter by the data. Results show that, amonealbarameters, the data are more sensitive to
fault lengths and mainly to strike-slips which,turn, can be estimated more accurately than the

other parameters.

6.0 Discussion and conclusions

The Timpe-is—a—hermal fault system dissegting thie Btna’s lower eastern flank. It is
formed of several segments (FF, STF, SVF, SLF aid tlat show right-lateral kinematics and
normal dip-slip with slip-rates ranging from 3.08® mm/y Bonforte et al., 201)1

Timpe dynamics are linked to the E®&rd motion of the eastern flank of Mt. Etna (e.g.
Azzaro, 2013n Since 1980, the ES®ard motion has shown phases of increased veldbiyfirst
being observed in the October 1984-1987 periddafone et al., 2013cThe TFS accommodates
this motion and becomes very active from the saispamint of view when acceleration phases
characterize the ES®&ard motion of the eastern flank.

These severe/destructive events, with a mean mweartime of about 20 years farzaro
et al.(20139, make the Timpe fault system extremely importarierms of seismic hazard.

These events are distributed on the several segmaedtin the last decades the destructive
episodes have affected FF in October 1984 and 8§\Wevember 2002.

The 25th October 1984 event most likely represtir@strongest event recorded on FF since

1875 (@zzaro et al., 2004 we tried to characterize the finite fault geomeand slip of FF by
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ground deformation observations. We recovered aatiaed the EDM measurements of the
“lonica” network crossing the TFS and measured dogyween 1977 and 1985. These data
highlight major variations between 1980 and 198#; principal components of the strain tensor
obtained in this time period, show a positive egien oriented approximately orthogonal and a
negative extension parallel to the FF and STF feydtems and are consistent with normal right-
lateral dynamics of the two structures.

We inverted data showing that, between 1980 anceMirer 1984, the FF (7 km length and
2.6 km depth) was affected by a strike slip comporeg 26.7+1.5 cm and a normal dip slip of
22.7+2.4 cm (overall displacement ca. 35 cm). Téresgivity analysis indicates that fault length
and strike-slip represent the most accurately caim&d parameter obtained by data inversion.

In consideration of these results, and assuming@um rigidity (1) of a shear modulus of

10 GPa in the general relatiofik(, 1966):

Mo = u*S*a
%Je obtained a geodetic momeng®6.0*10°% dyne-cm.

An estimate of the seismic moment release assdcvaté the seismic events was obtained

using the relation (Giampiccolo et al., 2007) fon€an earthquakes:
S

Log(Mo) = (17.60 + 0.37) + (1.12 + 0.10)M

It shows that Mo cannot be greater than = 1.6*iyne-cm for the 25 October 1984
earthquake and 4.0*#dyne-cm for that on 19 June 1984.Therefore onpad (from 5% to a
maximum of 30%) of the stick-slip obtained by maadglis related to the co-seismic effects of the
earthquakes recorded along the FF, suggestingnbsit of the slip over the fault must be aseismic.
These results are similar to those obtaine®byizzo et al., (2001for the Pernicana Fault System,
on analyzing 17 years of levelling data. These @stltoncluded that only 30% of the total

deformation of Pernicana Fault System is attribletét co-seismic displacements.
12
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Data inversion cover a long period (1980-84); hosvelvom May 1980 to May 1984, no events
with epicentral intensitieg B VI EMS were recorded (Fig. 2B) along FF that pfalgavas only
subjected to a few centimeters of aseismic dispiace (taking in consideration the 3-5 mm/year
measured by PS yonforte et al., (2011 An acceleration of the FF dynamics could haveuaed
since June 1984 when an EM%}I was recorded otheastern part of the fault (Fig. 2B) or after
October, %hen more than 1000 earthquakes with D took place on the eastern flank in two
weeks. Field observations certainly suggest thasetemic ground displacements are larger than
what would be expected from the June 19 and Oc@bearthquakes. If we exclude any coseismic
effect, it is difficult to determine when the dynashof the FF underwent an acceleration in June-
October 1984. If this were the case, it could mimat a destructive seismic event, such as the 25
October 1984 one, might have been preceded by auradde increase of the ground deformation

close to the fault.

Few variations have been detected on the Santa Feallt (STF), which seems to have been little
affected by the October 1984 dynamics. The Junevéat does actually appear to be located at the
northern edge of the faulG(esta et al., 1997The model estimated only 6.0 (x2.0) cm of strike
slip on STF. Then the October 19 event does nansetated to significant shifts of the STF.
Precise locations of the earthquakes,{¥3.7) recorded in the same area between 1995 &gl 20
(Alparone and Gambino, 20P&Iparone et al., 2013khave shown that the seismicity in this sector
is generally 3-5 km b.s.l. deep and related to NE-&iented seismogenetic structures (MF line).

For all these reasons we retain that the Octobev#ft is not attributable to ;DF dynamics.

To summarize, the destructive 25 October 1984 egeamh effect of an important dynamic episode
that affected the FF structur@me related wiftaak acceleration phasélparone et al., 2013c)
EDM data inversion indicated a total stick-slipaa. 30-35 cm between 1980 and 1984, mainly
between June and October 1984 along a fault len§ti@ km. This result is in some ways

comparable with field observations that detectem-&eismic ground rupture of the northwestern
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and southeastern sectors of the fault of up tor@Q4xzzaro, 199%nd reference therein), while a
discrepancy between the seismic and geodetic mommgmesent. Indeed, FF shows a low seismic
efficiency (lower than 30%), a feature that seemswmon to other very shallow faults on the
eastern flank (e.g. the Pernicana Fault System) that highlights that most of the energy is

involved in aseismic ground displace%ents.

These considerations again confirm the high ledeseasmic risk, in particular ground ruptu%]
hazard of the Fiandaca Fault and generally of tingp& Fault System, for the several towns and

villages located on these structures.
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ATL

this is the Messina-Fiumefreddo system (MF)!

ATL = Aeolian-Tindari-Letojanni
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446 Fig. 2.— lonica EDM network (a) EDM benchmarks and linesasured between 1977 and
447 1985 (b) Macroseismic epicentresearthquakes with epicentral intensitigs VI EMS occurring
448  from 1980 to October 1984 in the south-easterrkf@Mt Etna. (c) Principal strain axes obtained
449  from the comparison of the overall measurementvatel 980-October 1984
450
451 Fig. 3. Photos of damage caused during thd' ZBctober earthquake at Fleri village
452  (http://www.ct.ingv.it/macro/etna/html_index.php).
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please, add the acronyms of the faults in the caption.
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this diagram should be improved removing the dashed lines. In fact, it is not so plausible...
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463 Fig. 5. Location and E-W cross-section of the source miedelThe arrows represent the
464  simulated deformation field due to the estimatedtfiinematics. Numbers as in Fig. 2.
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466 Fig. 6. Comparison between observed (blue bars) and modedddbars) slope distance.
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472

473  Table 1.Best Fitting Range for the model.

Fault 1 (FF) Fault 2 (STF)
X (m, center top) 509700 fixed 512423 fixed
Y (m, center top) 4166660 fixed 4168595 fixed
Depth (m, top) 0 fixed 0 fixed
Azimuth (°) 140 fixed 140 fixed
Dip (°) 70+ 0.0 70 +89.9 89.9 + 25 70 +89.9
Semi-Length (m) 3500+ 0.0 2000 + 3500 4000 £ 0.0 2000 + 4000
Width (m) 2610+ 70 1000 + 3000 3000 + 100 1000 + 3000
Strike-s (cm) 26.7+1.5 0 + 100 (dextral) 6.0+2.0 0 + 100 (dextral)
Dip Slip (cm) -22.7+2.4 -100 + 0 (normal) 0.0£3.0 -100 + 0 (normal)
474
475 Table 2. Global sensitivity analysis. First-order Sobol’ tfaxeents for the fault parameters
476  and total sums
Fault 1 (FF) Fault 2 (STF) TOTAL
Azimuth (°) 0.000 0.002 0.002
Dip (°) 0.000 0.005 0.005
Semi-Length (m) 0.119 0.126 0.245
Width (m) 0.012 0.019 0.031
Strike-s (m) 0.125 0.284 0.409
Dip Slip (m) 0.013 0.014 0.027
TOTAL 0.269 0.450

477
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