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Abstract

The seismic to geodetic moment ratio (Mo/Mg) related to seven magma intrusion episodes, occurring at
Mt. Etna volcano between 1981 and 2008, are considered.

The lateral eruptions show a moment ratio of 0.04-0.06; meaning that only about 5% of the stress
energy accumulated with ground deformation was released by earthquakes. Significantly higher values
instead characterized vertical (0.25-0.50) and non-eruptive (0.17) dike intrusions.

This paper proposes a simple relationship, in order to estimate, during the early phases of an eruption,
the intruding magma volumes by the cumulative seismic moment (of the ongoing seismicity) and
elapsed time.

Keywords: seismic swarms; intrusion; stress rate;, magma.

1.0 Introduction

Mount Etna is a large basaltic volcano formed in a geodynamic setting generated during the Neogene
convergence between the African and European plates (Fig. 1; e.g. Allard et al., 2006).

It’s located between the compressive domain of Western-Central Sicily and the tensional domain of the
Calabrian Arc; it has formed at the intersection of two regional fault systems, trending NNW-SSE and
NE-SW (e.g. Lo Giudice et al., 1982), respectively (MF and ME in Fig. 1).

Mount Etna is characterized by persistent activity (degassing and Strombolian activity) and lateral
flank eruptions that occur when a magma-driven fracture (usually a dike) propagate from the source to
the surface.

Ground deformation provided essential information allowing, by data inversion, to obtain dike
geometry and identify magma transport within the volcano edifice. A primary source, commonly
applied in dike modeling, is the rectangular tensile dislocation (e.g. Okada, 1985).

The dike propagation process may change the stress field in the rock volume around the intrusion,
causing earthquake swarms that generally occur ahead of the dike tip, above it and in the regions
adjacent to the dike walls (e.g. Toda et al. 2002).

A parameter linking deformation and seismicity in a given area is the seismic to geodetic moment ratio
(Mo/Mg) that gives a proportion of the stress energy accumulated through deformation of the crust that
is released by seismicity. This value multiplied by 100 and expressed as a percentage represents the
seismic efficiency (e).

The awareness of the Mo/Mg for a volcano may be useful in order to estimate magma volumes from

seismicity that is being recorded.
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However, Pedersen et al. (2007), considering three different areas in Iceland, showed how the
relationship between volume change and resulting seismicity varies greatly among cases: the stressing
rate is not a dominating factor for occurrence of magmatically induced seismicity while the main factor
controlling the level of seismic energy release seems to be the background seismicity rate in the
intruded area (Pedersen et al., 2007). Therefore intrusion into a relatively stable area, generally
produces low seismic energy release while high Mo/Mg values characterize intruded areas with high
tectonic activity and regional stress.

For a specific area, intrusion depth and typology or local inhomogeneity in geological-structural
features may be the cause of different moment ratios.

On Mt. Etna, persistent activity at summit craters varies from degassing to Strombolian activity, until to
lava fountains. Flank eruptions represent the final step of magma intrusion processes and may be
defined as lateral and eccentric. The former occur when the dike propagates both vertically and
laterally, from the source to the surface encompassing the central magma feeding system.. Eccentric
eruptions are due to dikes mainly vertically uprising, independently from the central magma feeding
system.

Mount Etna is one of the best monitored volcanoes in the world. Seismic and ground deformation data
have been collected continuously at permanent stations for about 50 years.

In this study the seismic to geodetic moment ratio (Mo/Mg) on Mt. Etna is analysed, by considering
seven dike intrusion episodes. These episodes, thanks to robust seismic and geodetic datasets are

characterized by one (or more) source models referred to in current literature.

2.0 Instrumental networks

2.1 Seismic network

Systematic instrumental investigations of seismic activity at Mt. Etna roughly began at the end of
1960°’s by a seismic permanent network by the Catania University made up of 11 one-component
vertical stations (Gresta & Patan¢, 1987). Since the end of the 1980’s, the network was managed by the
ITV-CNR that installed three-component stations. The resulting network was formed by 13 stations (11
equipped with short-period 1 s sensors and 2 equipped with broadband 10 s sensor) and all stations
were linked in real time by radio and cable to the data acquisition centre in Catania where the signals

were automatically analysed and stored (Patan¢ et al., 2004).
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In 1994, a latter permanent network consisting in 44 stations was set up on the volcano, in the
framework of the Poseidon Project. The networks by IIV-CNR and the Poseidon Project were then
merged in 2001, into the newly created INGV.

At present, the Etna Seismic Network managed by INGV-Catania (INGV-CT) comprises about 40
stations (Fig. 1b) which allow continuous recording of data using broadband and short period

seismometers.

2.2 Ground deformation networks

Ground deformations on Mt. Etna are measured by using different geodetic techniques such as
EDM/GPS, and levelling discrete measurements, tilt and GPS continuous recording, and the DInSAR
technique. Separately or jointly, they are a powerful tool to infer position and dimensions of magma
dike intrusions.

2.2.1. Discrete measurements

Discrete measurements (EDM, GPS and levelling, Fig.1b) have been repeated systematically since the
end of the 1970’s. Three EDM networks were established during the early 1980s, closely
corresponding to the northeast, south and western rifts that affect the volcano. Each network consists of
about 14 to 16 geodetic benchmarks and a total of 36 to 47 lines, and has commonly been surveyed
once per year (Neri et al., 2005). The levelling network was installed in 1980 and consist of ca. 200
benchmarks (Obrizzo et al., 2001) and since the 1990s a GPS-network that consists of 46 benchmarks,
organized in three sub networks, is measured periodically (at least once a year) (Puglisi et al., 2008).
2.2.2. Continuous measurements

Tilt data represent the first continuous ground deformation records on Mt. Etna carried out since the
1970s with few stations able to record changes during the 1980°s eruptions (Gambino et al., 2014).
Since 1991, the tilt network allowed a good areal coverage of Mt. Etna (Bonaccorso & Gambino,
1997). At present it consists of 16 bi-axial instruments and one fluid long-base. Almost all the bore-
hole stations are 10-30 meters depth and are equipped with high resolution (<0.005 microradians) self-
levelling instruments (Ferro et al., 2011).

In November 2000 the ground deformation continuous monitoring was upgraded with the installation
of a permanent GPS network (Fig. 1b), that actually is made up of about 35 stations (e.g. Aloisi et al.,
2011). CGPS data collected by this network are processed with the GAMIT/GLOBK method to

produce constrained solutions.



123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154

3.0 Methodology

Seven intrusion episodes linked to six eruptions that occurred over the last 40 years on Mt. Etna (1981,
1989, 1991-93, 2001, 2002, 2008) are considered. The 2002 was a double eruption with a radial dike on
the north-eastern slope of the volcano, and a vertical uprising dike on the southern flank, therefore we
considered two cases named 2002NE and 20028, respectively. For all these episodes, reliable seismicity
analyses and ground deformation modelling have been performed during the shallow dislocation phases
that have allowed the magma uprising (Fig. 2).

For each episode the cumulative seismic moment M, was calculated released during dike emplacement
that can be estimated using local magnitudes M, and duration magnitudes Mg provided by data
collected by the different networks (Fig. 3; Tab. 1).

The seismic moment M, was obtained by using the Giampiccolo et al. (2007) relationship for the Mt.
Etna earthquakes:

Log(M,) = (17.60 = 0.37) + (1.12 + 0.10)*M;, (1)

where M is the local magnitude of each event. For the events before 2005 we converted M4 in M by

using the Tuve et al. (2015) relation:

M. = 1.164 (£0.011) * Mg — 0.337 (20.020) )

The geodetic moment (Mg) for a planar source has been calculated using the relationship:

Me=p*AV 3)

(e.g. Aki & Richards, 1980), where p is the shear modulus and AV the opening crack volume.
We assumed a shear modulus of 10'° Nm? and we considered a percentage error related to modelled
crack dimensions errors obtained from the deformation data inversions. Seismic and geodetic

parameters for each episode are reported in Tab. 1.

- The first studied case is the 17-23 March 1981 eruption; it was characterized by a lateral 7 km long
eruptive fissure that propagated, trending SSE to NNW, on the NW sector of the volcano (Kieffer,

1982). EDM and levelling data were modelled by Bonaccorso (1999). The resulting magma intrusion
5
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was characterized by a double tensile crack, the former 1.36 km wide, 3.0 km long, with 5.2 meters of
opening and the latter 0.36 km wide, 6.6 km long, with 1.1 m of opening (Bonaccorso, 1999). This
eruption was preceded by a seismic swarm characterized by thousands of events recorded (Kieffer,
1982) with Mmax=4.0 (Cosentino et al., 1981). Seismicity associated with the final intrusion phase (16-
17 March) comprised 1680 events (130 with M>1.8) (Cosentino et al., 1981; unpublished UNICT
database).

- The 1989 eruption of Mt. Etna was characterized by the formation on 24 September of two fracture
systems, striking NE-SW and NNW-SSE respectively; both originating from the SE Crater (Frazzetta
& Lanzafame, 1990). The NE-SW fractures were characterized by magma effusive activity, whereas
the NNW-SSE fracture propagated until October, 3 for a length of 7 km, without eruptive associated
phenomena.

Ground deformation (Bonaccorso & Davis, 1993) and magnetic (Del Negro & Ferrucci, 1998) data
related to the NNW-SSE fracture have been interpreted as due to the emplacement of a shallow magma
dike, departing from the summit craters area towards the southern flank.

EDM and tilt data inversion produced a modelled dike 1.3 km wide, 0.8 long, 1.0 km depth, with 1.0
meters of opening. We considered the earthquakes recorded between September, 30 (05:00 UT) and
October, 3 (02:00 UT) a total of 642 events of magnitude (Mg) ranging from 1.0 to 2.9 (AA.VV,,
1989).

The 1991-93 was one of the longest in duration and volumetrically significant eruptions occurring on
Mt. Etna over the last 300 years. The eruption started from a fracture system originating at the base of
the SEC and propagated to the SSE down to 2200 meters elevation along the western wall of the Valle
del Bove. The eruption was characterized by a low-explosive activity, producing a lava field of about
7.6 km?, with a total volume of outpoured magma of about 235 x 10° m? (Calvari et al. 1994).

A shallow source 0.8 km wide, 3.6 long crack with 2.8 meters of opening was inferred through an
analytical inversion performed by using EDM, GPS horizontal variations, three vertical maximum
changes and tilt (Bonaccorso et al, 1996).

The intrusive phase was accompanied by a seismic swarm of 197 recorded events (Patan¢ et al., 1994;
CNR-IIV, 1992) that occurred between 01:47 and 18:41 UT on December 14, 1991 (Bonaccorso et al.,
1996).

-The 2001 flank eruption (17 July - 9 August) occurred from several eruptive fissures. From summit

fractures the eruptions originated from the lateral draining of the central conduit system; However the
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main eruptive episode occurred at the 2100 vent, where the forceful upraising of an eccentric dike
below the south flank caused intense seismicity and ground deformation.

The magma was not drained from the central conduit system, but ascended vertically from a reservoir
that had likely been emplaced within the sedimentary substratum (Benchke & Neri, 2001).

The 2001 eruption was preceded by a very strong seismic swarm that started 4 days before the eruption.
2694 earthquakes of magnitude (Mg) ranging from 1.0 to 3.9 occurred from 12 July until the end of the
eruption (9 August), but the large majority (2645 events) occurred before the onset of lava emission on
17 July (Patane et al., 2003).

Modelling of the deformation changes (Bonaccorso et al., 2002) infers a nearly N-S oriented vertical
tensile crack 2 km long and 2.5 km high, with an opening of ca 3.5 m, located in the area on the upper
southern flank, equivalent to a geodetic moment of Mg = 1.77 x 10'7 Nm (Tab. 1).

Conversely, Puglisi et al. (2008) and Bonforte et al. (2009) have inverted discrete GPS datasets
obtaining a shallower source, an opening of about 2 m, obtaining a Mg estimate of 8.7-8.9 x 10! Nm
(Tab. 1).

-The 2002-2003 eruption was characterized by both a vertical uprising dike in the upper southern flank
(2002S), and another intrusion propagating radially in the NE flank, along the NE rift (2002NE).The
onset of the 2002-2003 eruption during the night of 26 October 2002 was marked by an increase in the
seismicity (starting at 20:25 UT) composed of more than 300 events with Mg>1. During the first 4
hours, seismicity took place in the southern-upper part of the volcano; subsequently, a clear migration
of the earthquake location from summit craters area toward the NE Rift was observed which
accompanied the NE flank intrusion for about 20 hours (Aloisi et al., 2006)

We considered the seismic moments for the two dike intrusions, obtaining 7.17 x 10'*Nm for the 2002S
(56 events with Mmax=2.7) and 1.89 x 10'Nm for the 2002NE (252 events, Mmax=4.2).

Aloisi et al., (2003) interpreted the observed ground deformation as consistent with a composite
mechanism characterized by: 1) a vertical uprising dike in the upper southern flank (2002S) 1.6 km long
and 1.8 km high, with an opening of ca. 1.5 m (Mg = 4.3+£0.8 x 10'°Nm) and ii) a lateral intrusion
propagating into the north-eastern rift (2002 NE) 6.6 km long and 4.6 km high, with an opening of
1.0m (Mg = 2.2 x 10'"Nm). The 20028 intrusion was emplaced in the same pathway of 2001 eruption.
Currenti et al. (2007) proposed for the 2002NE an integrated approach based on the use of genetic
algorithms whose results gave a Mg = 2.98 x 10'°Nm with an error of 25%.

-The 2008-09 eruption was characterized by the formation of a dry fracture field on the northern flank,

and a lateral eruptive fissure on the upper eastern flank. It was accompanied by a strong seismic swarm
7
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which started on May 13, 2008 at 08:40 (GMT). More than 200 events were recorded until 15:00, with
the main-shock of M=3.9 at 10:07. The earthquakes were localized in the north-eastern area of the
summit and from the 09:30 to 11:00 they showed a migration towards North which was interpreted as
an attempt of a shallower intrusion towards this sector (Patane, 2008), producing a dry (not eruptive)
fracture field.

The intrusion was divided into two phases: the first represents an ascending vertical dike-like intrusion
and the second an attempt of the magma to penetrate laterally toward the north. The first dike intruded
in the high southern flank and the following eruptive fissure, while the lateral intrusion in the northern
flank stopped without lava emission, but induced a dry fracture field (Aloisi et al., 2009; Bonaccorso et
al., 2011). The two cracks modelled by Aloisi et al. (2009) furnish an overall Mg of 2.69 x 10'® Nm.
Currenti et al. (2011), by using DInSAR data, continuous GPS data and numerical modelling
procedures, inferred a complex and realistic deformation model with a volumetric expansion of crustal

rocks of about 5.3 x 10° m?.

4.0 Discussion and conclusions

Table 1 reports the values (12) corresponding to 7 cases of dike sources modelled that comprises three
different models for the 2001 and 2002NE and two for 2002S and 2008.

Seismic/geodetic moment ratio (Mo/Mg) expresses the proportion of the stress energy accumulated
through deformation of the crust that is released by seismic events and may also be expressed as
seismic efficiency (e) if multiplied by 100 and expressed in per cent.

In particular, we obtained for the 1981, 1991-93 and 2002NE lateral episodes similar low moment
ratios, with values between 0.040 and 0.063 (Fig. 3 Tab. 1). The highest values, (0.25-0.50) have been
obtained for the 2001 while the 2008 eruption showed intermedia values (0.128-0.25). The 1989,
which represent an intrusive episode without eruption, showed a value of 0.174.

The values obtained, ranging from 0.017 to 0.5 (1.7% < e < 50%) are similar to that of other volcanic
areas. Very low values are seen in the Afar area of Ethiopia, Krafla and Eyjafjallajokullin in Iceland, A
value up to 0.55 is found for the 2007 intrusion at Gelai, Tanzania and 0.40 for the Izu Islands, Japan
and Hengill, Iceland (Calais et al., 2008; Baer et al., 2008; Toda et al., 2002; Pedersen, 2007).
Therefore, moment ratio may vary over several orders of magnitude, since seismicity associated with
magma movements is dependent on several factors, such as background regional stresses, geological

and tectonic setting of the intruded area (the background seismicity rate) (Pedersen et al., 2007).
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These factors could be considered almost constant in a restricted area, such as Mt. Etna. Here, however,

we have obtained a wide Mo/Mg variability, suggesting that the mechanism of the impeding eruptions

may have an important role. We noted that:

The lowest values (0.017-0.023) were obtained for the vertical 2002S dike intrusion that
occurred in the southern area following the already fractured and weakened path of the 2001
intrusion. This fact could have favoured an easier and faster dike emplacement with a very low
level of associated seismicity (Aloisi et al., 2003; 2006).

For the 1981, 1991-93 and 2002 NE lateral eruptions the moment ratios have similar low values
comprises between 0.040 and 0.063. This means that only about 5% of the stress energy
accumulated with ground deformation is released in seismicity. This low seismic efficiency
indicates that most of the strain change induced by dikes intrusion does not lead to brittle
rupture of rock.

The 2008 eruption showed values ranging from 0.128 (Currenti et al., 2011) to 0.25 (Aloisi et
al., 2009). This episode was recognized as having a complex mechanism with two dikes one of
which propagated laterally in the northern flank and arrested without lava emission (Aloisi et
al., 2009; Bonaccorso et al., 2011).

For the 1989 a moment ratio of 0.174, we obtained, suggests that the dike intruded for several
days, causing a moderate/high seismicity, until it arrested without eruption.

Finally, the 2001 vertical dike intrusion showed the highest values (0.5 or 0.25 according to the
different models). The intrusion ascended directly from a deeper reservoir to the surface,
forcefully opening a new path. Consequently, a large seismic energy release affected the

volcano body for several days.

Overall on Mt. Etna the obtained moment ratios seem to have a relationship with the intrusive process

type: low values for lateral eruptions, higher for vertical eccentric intrusions, whose uprising is

prevented by geology and tectonic barriers.

An impeded intrusion needs more time to reach the surface and is accompanied by a larger seismicity,

as is testified by the relationship between Mo/Mg and time (fig. 4).

Comparing moment ratio with dike intrusion duration we obtained the following linear best fit law:
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Mo/Mg = 0.0032t - 0.0058 4)

where t is the intrusion time expressed in hours with a correlation coefficient R?=0.83.

By using the (3) we obtain:

AV =Mo/[n*(0.0032t - 0.0058)] %)

The intruded volumes obtained by using equation (5) are shown in Table 1. The results obtained for the
2001 event volume (1.22E+07 m?) falls right between the values obtained by three previous authors.

During hours that follow the beginning of a co-intrusive seismic swarm, the (4) relationship may
represent a useful tool for a simple and quick forecasting of the eruption onset (if we know Mo/Mg) and
intruding magma volumes (by using M,). However, even if exist examples of deformation data
inversion in real time (e.g. Zhan et al., 2017) at present a Mg value in real-time is not available.
Instead, by using the (5) relationship is possible to obtain a rough but very fast estimation of the
intruded volumes and therefore the magnitude of the on-going volcanic process. Nevertheless, the 2008
eruption does not follow the relation, evidencing its peculiar intrusive process with high seismic
releases (probably linked to the intrusion attempt towards North) in a short time (in the light of the

successive fast eruptive intrusion to East).
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Captions

Fig. 1 - Map showing the Mt. Etna surface faults the sliding sector (dashed line). Top inset map shows

the main regional fault systems: MF is Messina—Fiumefreddo, ME is Malta Escarpment, and ATL is

Aeolian—Tindari-Letojanni (a). Mt. Etna seismic and geodetic networks (b).

Fig. 2 - Map showing the Mt. Etna eruptive dike intrusive sources obtained by ground deformation data

modelling.

Fig. 3 - Seismic to geodetic moment ratio for each modelled eruptive dike intrusion. Grey area

evidences the similar values for the 1981, 1991-93 and 2002 NE lateral eruptions.

Fig. 4 - Seismic/geodetic moment ratio versus time. The linear law gives an empirical relation to

estimate intruding magma volumes.
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430
431  Table 1 -Parameters of different eruptive dike modeled from ground deformation data and associated
432 cumulative seismic moment released during the intrusion. Int. dur: Intrusion duration; Mod. volume

433  was obtained by modeling; Rel. volume from (4) relationship.

434
Eruptive Type Int. Dur. Model reference Dike depth Mg Error Mo Moment Ratio Mod. Volume Rel. Volume
episode hours (m. a.s.l) (N/m) % (N/m) m3 m3
1981 Lateral 26 Bonaccorso, 1999 1800 2.38E+17 23.1 1.20E+16 0.050 2.38E+07 1.58E+07
1989 Stopped 68  Bonaccorso & Davis, 1993 1100 1.01E+16 14.9 1.76E+15 0.174 1.01E+06 8.31E+05
1991-93 Lateral 17 Bonaccorso et al., 1996 800 8.00E+16 213 4.09E+15 0.051 8.00E+06 8.42E+06
2001 Eccentric 113 Bonaccorso et al., 2002 250 1.77E+17 21.0 4.35E+16 0.246 1.77E+07 1.22E+07
113 Puglisi et al., 2008 8.87E+16 7.8 4.35E+16 0.490 8.87E+06 1.22E+07
113 Bonforte et al., 2009 8.69E+16 8.0 4.35E+16 0.501 8.69E+06 1.22E+07
2002s Eccentric 4 Aloisi et al., 2003 500 4.32E+16 26.0 7A7E+14 0.017 4.32E+06 8.66E+06
4 Aloisi et al., 2006 3.10E+16 25.9 717E+14 0.023 3.10E+06 8.66E+06
2002 NE Lateral 18 Aloisi et al., 2003 1500 3.04E+17 20.0 1.89E+16 0.062 3.04E+07 3.65E+07
18 Aloisi et al., 2006 4T7TE+17 30.0 1.89E+16 0.040 4.77TE+07 3.65E+07
18 Currenti et al., 2007 2.98E+17 25.0 1.89E+16 0.063 2.98E+07 3.65E+07
2008 Lateral/stopped 6 Aloisi et al., 2009 1850 2.69E+16 241 6.80E+15 0.253 2.69E+06 5.07E+07
435 6 Currenti et al., 2011 530E+16  noerror 6.80E+15 0.128 5.30E+06 5.07E+07
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