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Moment magnitude for earthquakes in the Etna volcano area
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SUMMARY

Accurate quantification of seismic activity in volcanic regions is an important asset for im-
proving hazard and risk assessment. This is especially true for densely populated areas, as
in the case of Etna volcano (Southern Italy). There, the volcanic hazard is amplified by the
seismic risk of active faults, especially on the eastern flank of the volcano. In such a context,
it is common to rely on moment magnitude (Mw) to characterize seismicity and monitor the
energy released during an eruption. In this study, we calculate the moment-based magnitude
(My) for selected seismic data sets, using different approaches in distinct magnitude ranges to
cover the widest possible range of magnitude that characterizes Etna’s seismicity. Specifically,
we computed the My from a data set of moment tensor solutions of earthquakes that occurred
in the magnitude range 3.4 < M| < 4.8 during 2005-2020; we created a data set of seismic
moment and associated My for earthquakes 1.0 < My < 3.4 obtained by analysing source
spectra; we fine-tuned two relationships, for shallow and deep earthquakes, to obtain My from
response spectra. Finally, we calibrated a specific relationship between My and My for the
Etna area earthquakes in the range 1.0 < M| < 4.8. All the empirical relationships obtained
in this study can be applied in real-time analysis of the seismicity to provide fast and robust
information on the released seismic energy.

Key words: Earthquake source observations; Volcano seismology; Waveform inversion;
Time series analysis; Earthquake hazards; Moment magnitude; Full moment tensor; Response
spectra.

1 INTRODUCTION

Quantifying the seismic moment in volcanic areas is important for
understanding volcanic dynamics and is particularly important in
densely populated areas where volcanic and seismic hazards are
combined. The seismic moment can be used to estimate the volume
of intruded magma and thus the probability of an impending erup-
tion and to monitor energy status during an eruption (e.g. Bonac-
corso & Giampiccolo 2020; Meyer et al. 2021); furthermore, the
magnitude scale based on seismic moment is a crucial parameter
for seismic hazard assessment.

The moment magnitude (My, Kanamori 1983) is the most widely
used magnitude scale for tectonophysical and seismological appli-
cations, and it is routinely calculated using relationships based on
seismic moment (Hanks & Kanamori 1979). In the point-source
approximation, the seismic moment (1), which represents the size
of an earthquake in terms of the dislocation phenomenon, can be
estimated by computing the solutions of the moment tensor (Julian
et al. 1998, and reference therein) or from source spectra corrected
for path propagation and possible site effects (e.g. Andrews 1986;

Ottemoller & Havskov 2003; Atkinson et al. 2014; Moratto et al.
2019; Eulenfeld et al. 2021).

Compared to the traditional local magnitude (M, Richter 1935),
which refers to the peak amplitude and is determined by relatively
high frequencies, My is unsaturated. Moreover, it is obtained from
signals with very low frequencies and is therefore less affected by
attenuation or amplification effects.

It has become a common practice to convert M to equivalent
My values. However, M —My, relationships depend on various pa-
rameters such as stiffness, rupture velocity, attenuation and stress
drop (Kanamori ef al. 1993; Bormann & Di Giacomo 2015). The
empirical relationships used in bulletins and catalogues may not
be comparable between different regions (Gasperini et al. 2012)
and while in many cases, differences may be negligible compared
to the uncertainty in magnitude determination, in volcanic areas
magnitude values are severely biased when a magnitude scale from
another area is used (Havskov et al. 2003). Therefore, it is advisable
to estimate My from M, unless the conversion equation has been
reliably determined using local grid data (e.g. Edwards & Douglas
2014).
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Specially calibrated relationships have been published for Hawaii,
Vesuvius, Deception Island, Etna and Campi Flegrei (Zuiiiga et al.
1988; Del Pezzo & Petrosino 2001; Havskov er al. 2003; Giampic-
colo et al. 2007; Petrosino et al. 2008; Guardato et al. 2022). In
this study, we aim to calculate the My for Etna seismicity using
the most suitable approaches to cover the characteristic magnitude
range of Etna seismicity.

Etna, an active stratovolcano on the east coast of Sicily (Italy),
is an area of high seismic hazard (Azzaro et al. 2015). The tec-
tonic features of Etna are commonly interpreted as the result of the
interaction of regional tectonic and local volcanic processes. Vol-
canic activity is characterized by persistent activity from summit
craters with episodic paroxysmal events and flank eruptions that
are usually preceded and accompanied by strong seismic swarms of
volcano-tectonic (VT) earthquakes (Patané er al. 2004, and refer-
ence therein). Seismicity rarely exceeds M, 4 and usually consists of
frequent weak VT events (local magnitude M} < 3) with a hypocen-
tral depth of less than 5 km, mainly affecting the eastern flank of the
volcano where there is morphological evidence of active faults (Az-
zaro et al. 2012; Fig. 1). The southern and eastern flanks are the most
tectonically active areas of the volcano and have been the site of
the strongest earthquakes in the last two centuries (D’ Amico et al.
2016), causing severe damage and even destruction. The largest
damaging earthquakes in the Etna area (e.g. 1633 My, 4.8 Nicolosi;
1669 My 4.8 Nicolosi; 1818 My 6.2 Aci Catena; 1914 1 = IX-X,
Linera) have been documented by historical research (Rovida et al.
2020, 2022) and are well described in Azzaro & D’Amico (2019).
The recent larger earthquakes (1984 M 4.4 Fleri; 2002 M 4.5 S.
Venerina; and 2018 My 4.9 Fleri), due to the activation of the Timpe
Fault System (TFS in Fig. 1) on the eastern flank, occurred in the
higher urban areas of the Etna region and had a significant impact
on the seismic hazard (Villani et al. 2020).

Several authors (Patane et al. 1994, 1995, 1997; Centamore et al.
1997) computed the source spectra parameters of weak earthquakes
of Mt. Etna and found empirical relationships M - M, and M| -
My 1in the past. However, a suitable attenuation model for the local
upper crust had not been adequately explored at that time. New re-
lationships were proposed by Giampiccolo et al. (2007), who used
a large data set of local earthquakes and detailed and robust infor-
mation on seismic attenuation at depths less than 5 km. Analyses
were also performed to estimate the seismic moment tensor of low-
magnitude seismicity before the eruption 1991-1993 (Sara¢ et al.
2001) and the 2001 (Sarao et al. 2010). After feasibility tests to
tune the algorithm and evaluate the sensitivity of the solutions to
the velocity model and station geometry, Sarao et al. (2001, 2010)
used short-period seismograms to compute moment tensor solu-
tions for 28 earthquakes (2.0 < Mp < 3.0) that occurred from 1990
August to 1991 December (Sarao ef al. 2001) and a sample of 61
earthquakes (2.0 < Mp < 3.8) that occurred in the early hours of
a seismic swarm leading up to the 2001 July eruption (Sarao et al.
2010). In addition to the seismic moment and the focal mechanism,
the authors observed an increasing trend of the non-double-couple
components of the studied earthquakes immediately preceding the
two eruptions, possibly due to the response of the confining rocks
to the rising magma and to degassing processes, as well as to the
complex interaction between tectonic stress and volcanic activity.

Following the development of the broadband seismic network
managed by INGV-Osservatorio Etneo (INGV-OE), and in order
to obtain a near real-time estimate of the full moment tensor, a
new analysis of 50 earthquakes with My > 3.4 occurred during
the period 2005-2013 was performed, which allowed obtaining a
preliminary M; —My relationship (Sarao et al. 2016). To obtain this
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relationship on a larger data sample and also to extend the magnitude
range investigated, the 2005-2013 moment tensor solutions were
merged with the moment tensor solutions from Sarao et al. (2010),
obtaining a data set with 111 solutions for the magnitude range
2.0 < My <4.7. For the 2001 data, only Mp was available, and M
was derived by the empirical relation M} —Mp, of Tuve et al. (2015).

In this study, we update the moment tensor solutions obtained
by Sarao et al. (2016) and extend the data set with new moment
tensor solutions of earthquakes that occurred in the magnitude range
34 < Mp < 4.8 in the 2005-2020 period and provide a dense
data set of seismic moment and associated My, for earthquakes
1.0 < M < 3.4 obtained by analysing source spectra. Also, we
fine-tune a relationship for the Etna region to obtain My from
response spectra (Atkinson et al. 2014; Moratto et al. 2017). After
describing the data analysis and results, we merge all calculated
My, estimates using moment tensor and spectra analysis. Finally,
we calibrate a specific relationship between My and My for the
Etna area earthquakes.

2 THE COMPLETE SEISMIC MOMENT
TENSOR ANALYSIS

We compute the full seismic moment tensor for the highest en-
ergy VT earthquakes (3.4 < M| < 4.8) using the full-time domain
moment tensor technique (Dreger 2003; Minson & Dreger 2008).
The minimum magnitude of earthquakes that we can process with
this method is about 3.5, because of limits imposed by background
noise in the frequency passband (Dreger et al. 1998). However,
we begin processing events with M > 3.4 to account for possible
variations in the determination of M; . We selected 71 earthquakes
with M > 3.4 recorded by the INGV-OE broadband (0.01—40 s)
seismic network during 2005-2020 (Table 1) among those with a
signal-to-noise ratio (SNR) greater than 5 (Fig. 1, blue circles).
The seismic waveforms of the three components were inverted af-
ter removing the instrumental response in the frequency range of
0.02—0.10 or 0.02—-0.05 Hz. The Green’s functions used in the inver-
sion were computed as synthetic displacement seismograms using
a frequency—wavenumber integration method (Saikia 1994) for a
homogeneous stratified velocity structure (Alparone et al. 2012;
Martinez-Arevalo et al. 2005) called ‘Etna’ for our convenience.
The fit between observed and synthetic seismograms was quanti-
fied by the variance reduction (VR), which is equal to the sum of
the squares of the amplitude difference normalized by the observed
waveforms Therefore, VR is the quality parameter of inversion re-
sults (100 per cent is best) considered acceptable with VR > 50.
Source depth was determined iteratively by finding the solution that
maximizes VR. The full solution of the moment tensor provides
the orientation parameters (strike, dip and rake) of the two nodal
planes, the scalar seismic moment and the percentage of the double
couple (DC) and non-double couple, that is represented by the com-
pensated linear vector dipole (CLVD) and volumetric (ISO) part.
The size of the ISO, CLVD and DC is evaluated in per cent using
the following formulae:

s«

M. M* .
DC = (1 -2 '“““') %100%¢ CLVD = 2—_minl
M M

|max]| |max]|

1 Tr (M)
%100 xc ISO = -

3 |max|

* 100 * c; @))

where Tr(M) is the trace of the seismic moment tensor M, M|may
is the absolute maximum eigenvalue of M, M* . and M* |, are
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Figure 1. Digital Elevation Map with the main tectonic elements, the TFS and the PFS and the permanent broad-band seismic stations (black triangles) of the
INGV-OE network. The black and white circles are the earthquakes used for the moment tensor and spectral analysis, respectively. The white stars indicate the
macroseismic location of some destructive earthquakes in the Etna area (Rovida ef al. 2020, 2022). The inset map shows the location of the Etna volcano and
the main regional fault systems, including the Malta Escarpment Fault System (MEFS).

the maximum and minimum absolute eigenvalues of the deviatoric
moment tensor and ¢ = (1 + Tr(M)/3M;may))-

Sensitivity tests (e.g.; Dreger & Helmberger 1993; Dreger et
al. 1998; Sarao et al. 2021) have shown that long-period body
waves within the frequency band of 0.02-0.10 Hz, are relatively
insensitive to lateral mislocations, and that models representative
of the coarse changes in crustal thickness, average crustal velocity
and near-surface velocity can provide robust estimates of the source
parameters with a limited number of stations, although the source
depth parameter may be unstable. To verify the robustness of the
solutions, we performed some tests using two different starting
models, the ‘Etna’ (Fig. 2a) and the ‘Sicily’ (Fig. 2b) models. ’Etna’
model was obtained by velocity and attenuation tomography of local
earthquakes at Etna (Alparone et al. 2012); ’Sicily’ model by active
and passive tomography for eastern Sicily, including the Peloritan-
Southern Calabria region and the volcanic environment of Etna and
the Aeolian Islands (Diaz Moreno ef al. 2018).

An example is shown in Figs 3(a) and (b), where the same event
(no. 61 in Table 1) was studied using the ’Etna’ and ’Sicily’ models.

The best solution obtained with the ‘Sicily’ model shows the same
orientation of the fault plane with a difference of 0.1 for My and
2 km for depth; the CLVD value is greater than that of the ‘Etna’
model, as a spurious effect of the inversion obtained by using a
velocity model not specifically retrieved for the study area (Panza
& Sarao 2000).

The moment tensor solutions obtained within this study are re-
ported in Table 1 and Fig. 4. The first 50 solutions are an update of
the solutions reported in Sarao et al. (2016), the last 21 solutions are
new. For some events, it was possible to compare the solutions with
INGV-TDMT (Scognamiglio et al. 2006) and RCMT (Pondrelli
2002), that use different velocity models, different data, different
algorithms and invert in diverse frequency bands. Although the fault

plane solutions generally agree well (Cocina et al. 2020), we found
differences in the My up to £ 0.2 for a few events. Sarao et al. (2016)
reported a similar error for the 2005-2013 moment tensor solutions
of seismicity, therefore, to be conservative, we adopted £ 0.2 as the
maximum error for our My estimates. For the aim of this study, we
also considered the M,, values of the inversions with VR < 50 when
independent estimates of My, were compatible with our estimates
within the uncertainty interval.

The orientation of the best DC solutions obtained by comput-
ing the full moment tensor (Fig. 4), mainly NNW-SSE and NE-
SW, are consistent with the structural environment of the Etna
area showing the coexistence of different types of source mech-
anisms, with a prevalence of strike-slip motions with subordinate
dip-slip components, both normal and reverse (e.g. Patane & Gi-
ampiccolo 2004). The complete solutions of the moment tensor
also provide useful information as an indicator of local changes
in the stress field caused by dyke injection, high fluid pressure,
or thermal cooling; the earthquake source can be investigated by
the seismic moment tensor, which is decomposed into DC—Ilinked
to shear displacements—CLVD—which may be due to lenticular
crack activation associated with possible fluid motion—and the ISO
part—which represents volume changes (e.g. Julian et al. 1998).
Nevertheless, it is well known that the possible distortion effects of
wave propagation in structurally complicated regions, the presence
of noise, or inappropriate station coverage can make the identifi-
cation of non-DC as true source phenomena uncertain (e.g. Julian
et al. 1998), and feasibility tests can be helpful in interpreting re-
sults in the context of physical processes at the source (e.g. Panza
& Sarao 2000; Rosler and Stein 2022). In our analysis, we selected
the solutions that minimize the non-DC components, and we list
the percentage of DC, CLVD and ISO components for each event
(Table 1).
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Table 1. Earthquakes investigated in this study by moment tensor. For each event are reported: progressive number (N), date (Date), time (Time UTC),
Latitude N (Lat), Longitude E (Long) in degrees, My, depth in km (Dep), Variance Reduction (VR), strike (Str1), dip (Dip1), rake (Rak1), percentage of
DC, CLVD, ISO, My and M.

DC CLVD 1ISO

Lat Long Dep Strl  Dipl Rakl (per (per (per My 10e+21
N Date Time ©) ©) Ml (km) VR ©) ©) (°) cent) cent) cent) My  (dynecm)
1 2005-07-10  13:38:51  37.852  14.991 3.4 29 453 189 79 -36 38 39 23 3.4  134E 400
2 2005-08-14  21:56:48  37.815 15.104 35 2 69.7 20 87 144 38 13 49 3.7  3.40E + 00
3 2005-10-30  06.06:50  37.652  15.058 3.7 9 68 47 74 23 14 53 33 3.8 6.22E 400
4 2005-10-31  00:02:41 37.66 15.053 3.8 4 71.1 64 63 46 79 15 6 39  6.03E+00
5 2006-01-08  16:09:24  37.683 14.97 3.7 12 70.4 178 87 —142 75 12 13 3.8 6.34E 400
6 2006-03-02  20:35:38  37.794 14916 34 20 43 195 78 36 24 35 41 32  748E+00
7 2006-05-20  07:05:56  37.667  14.945 3.8 10 60.2 87 68 27 27 26 47 3.7 421E+400
8 2006-06-19  20:55:34  37.844 14879 4.0 24 68 102 64 —145 71 24 5 4 8.48E + 00
9 2006-06-20  13:16:35  37.839 14886 3.4 24 20 127 63  —122 49 8 44 33 9.90E-01
10 2006-12-19  14:58:05  37.775 14.862 45 26 64 102 8 —174 50 37 13 4 1.15E 4+ 01
11 2006-12-20  01:46:23  37.778  14.908 3.4 24 42.7 209 71 21 48 19 32 3.7 3.95E 400
12 2008-04-09 04:14:36  37.727  15.126 3.5 8 86.4 108 81 34 59 25 16 3.8  6.49E + 00
13 2008-05-01  21:05:47  37.802  15.041 35 1 66.3 80 85 -29 29 33 38 3.7 3.82E4 00
14 2008-05-13  09:23:04  37.776  14.993 3.6 6 64.6 232 78 —155 43 42 16 3.7 4.01E+00
15 2008-05-13  09:28:05  37.764  15.007 3.8 2 67.1 193 64 -39 58 25 17 3.8 5.10E 4+ 00
16 2008-05-13  09:56:38  37.761 15.021 3.6 5 60.1 81 85 -59 73 16 11 3.7 337E+00
17 2008-05-13  10:07:48  37.771 15.005 3.9 2 67.6 142 60 —141 84 14 2 3.7 4.61E+00
18 2008-05-13  11:03:32  37.768  15.001 3.7 6 63.1 273 88 159 14 35 50 3.5 1.81E+00
19 2008-05-13  11:52:38  37.766  14.999 3.6 2 63.2 248 54 —84 22 38 40 3.5  1.69E + 00
20 2008-05-13  12:13:42  37.765 15.009 3.8 1 45.9 164 62 109 12 85 3 39 7.03E+00
21 2008-05-13  13:26:49  37.771 15.003 3.7 2 58.8 234 77 32 70 24 7 3.7 438E+00
22 2008-05-13  21:28:27  37.809  15.058 34 1 75.5 179 88 —174 15 33 52 3.6 2.75E+00
23 2008-12-16  02:30:14  37.664 14952 4.0 8 68.2 162 70 —157 91 5 4 3.7 335E400
24 2009-03-14  09:26:51 37.73 15.096 3.5 6 75.3 36 90 —176 45 49 6 3.5 2.18E+00
25 2009-05-13  14:13:46  37.712  15.165 3.6 2 68.6 220 82 —-17 40 10 51 39  8.26E+ 00
26 2009-07-23  00:10:42  37.589  14.763 3.7 22 52.8 263 80 —13 17 62 21 3.6 3.26E +00
27 2009-08-25 16:58:02  37.812  15.097 3.6 2 70.9 274 80 -29 7 72 21 3.6 243E400
28 2009-12-19  05:36:00 37.79 14913 4.4 22 51 205 57 64 47 18 35 45 7.39E + 01
29 2009-12-19  07:42:25  37.774  14.881 3.7 22 69.7 203 64 69 43 49 8 39 8.10E + 00
30 2009-12-19  08:01:10  37.769  14.905 3.6 20 50.8 239 56 122 55 1 44 3.8  6.61E+00
31 2009-12-19  08:24:57  37.776 14911 3.8 19 62.7 223 63 95 57 15 28 4.1 143E+01
32 2009-12-19  09:01:14  37.794 14869 438 28 56.4 217 65 64 87 6 6 47 1.32E+02
33 2009-12-19  12:35:40  37.781 14.915 35 20 61.7 15 88 —55 30 26 45 3.6 333E400
34 2009-12-19  12:43:10  37.792 14916 3.8 24 64.5 269 84 156 58 24 18 39 7.51E+00
35 2009-12-19  18:08:33  37.805 14.886 3.5 20 27 186 59 —139 71 3 26 3.5 1.92E+ 00

36 2009-12-23  14:24:42  37.795 14.91 3.7 18 54.5 255 58 106 24 40 36 3.7 336E+00
37 2010-04-02  20:04:00 37.806  15.078 43 3 65.1 8 79 163 59 9 32 43  2.67E +01
38 2010-04-02  20:21:55  37.807 15.106 35 2 56.7 99 81 13 23 69 9 34  135E+00
39 2011-05-06  15:12:35  37.804  14.943 4.0 14 92.4 274 72 129 44 52 1.17E + 01
40 2011-05-06  15:15:23  37.798 14.949 3.4 23 22.5 269 83 164 81 14 5 3.4  1.56E +00

~
~

41 2011-05-06  15:18:30  37.803 14914 3.4 20 17.6 282 89 166 14 6 80 34 1.55E+00
42 2011-05-06  19:28:49  37.797 14.933 35 20 56.1 352 76 17 87 8 4 3.5 2.05E+00
43 2011-09-09  22:23:44  37.827 14.793 4.0 26 64.2 239 84 102 55 43 2 39 6.95E 400
44 2012-01-01  04:17:02  37.879 14.865 35 32 322 107 83 163 74 23 4 3.8  5.03E+00
45 2012-11-22 09:10:41  37.791 14.94 4.2 12 84.3 262 71 159 95 5 0 39 7.02E + 00

46 2012-11-22  11:25:51  37.799 14936 43 20 72.1 253 70 125 64 6 29 42  198E + 01
47 2012-11-22 11:28:55  37.792 14.947 39 12 91.2 262 76 155 82 10 8 3.8 6.50E + 00
48 2013-01-04  07:50:06  37.881 14.719 4.4 12 65.5 79 58 —137 52 25 23 42  220E+01
49 2013-05-23  13:04:48  37.696  15.089 4.0 3 30.7 142 89 18 32 50 18 3.4  134E 400
50 2015-04-20  01:07:42  37.806  15.113 3.6 2 63.3 360 58 137 83 17 0 34  130E+00

51 2015-12-08  09:28:29  37.804  15.045 3.6 2 52.7 175 88 —168 14 81 6 3.7 430E 400
52 2017-01-30  09:51:07  37.678 14.967 3.6 12 64.3 91 88 —54 78 13 8 3.8 5.50E + 00
53 2018-06-02  07:40:54  37.708 15.113 3.4 8 53.5 242 78 162 56 22 22 3.4 1.70E 4+ 00
54 2018-07-18  21:20:36 37.73 14.965 3.6 5 30.2 218 8 138 59 33 7 3.5 2.70E + 00
55 2018-10-06  00:34:19  37.628 14.884 4.7 10 70.8 352 88 169 97 3 0 4.6 9.30E+ 01
56 2018-11-20  05:06:34  37.666 14.9 35 10 14.6 48 74 —161 27 64 9 3.5 230E+00
57 2018-12-24  10:27:01 37.82 15.111 3.5 4 37.4 293 70 40 75 16 9 3.5 2.40E 400

58 2018-12-24  11:01:50  37.742 14.969 4.0 1 533 23 81 —169 57 29 14 3.9  8.40E + 00
59 2018-12-24  12:08:56  37.713 15.046 4.0 1 54.3 177 77 —34 71 17 11 3.9 7.30E+ 00
60 2018-12-24  16:50:10 37.71 15.045 43 1 80.8 74 87 —167 77 23 0 43  3.80E + 01
61 2018-12-24  19:26:19  37.686  14.957 4.0 2 63.5 348 77 166 81 16 3 3.9 7.30E+00
62 2018-12-25  12:45:43 37.66 14.891 35 10 50 94 80 —18 52 47 1 3.8  5.70E + 01
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Table 1. Continued

DC CLVD 1ISO
Strl  Dipl Rakl (per (per (per My 10e+21
VR ©) ©) (°) cent) cent) cent) My  (dynecm)

Lat Long Dep
N Date Time (©) (©) Ml (km)
63 2018-12-26  02:19:14  37.644 15.116 4.8 2
64 2019-01-04  04:10:36  37.694  14.936 3.5 1
65 2019-01-08  23:50:34  37.798 15.051 4.1 2

66 2019-07-08  04:38:28  37.671 14.873 3.8 22
67 2019-12-17  23:48:43  37.843 14.905 3.8 16
68 2020-03-22  10:32:12  37.737  15.058 3.4 7
69 2020-12-31  20:30:52  37.688 14.958 3.5 8
70 2020-12-31  20:58:10  37.687  14.959 3.4 8

6

69.4 40 88 —15 75 8 17 49  2.80E + 02
25.6 96 48 27 74 15 12 3.6 2.90E + 00
50.4 252 66 -29 79 11 10 40 130E+01
54.5 262 69 54 56 38 6 3.9 7.80E + 00
19.2 209 81 37 81 15 4 3.5 2.00E + 00
22.7 220 72 =157 66 23 11 3.6 3.80E +00
55.4 75 90 -32 43 48 9 3.5 2.40E +00
43 255 85 27 45 32 23 3.5  2.10E+ 00
62.6 260 89 33 59 39 2 3.7  3.80E + 00

71 2020-12-31  21:54:39 37.696 14.964 3.7
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Figure 2. (a) Velocity and attenuation model named "Etna’ used in the waveform inversions for the moment tensor computation. (b) Velocity model named

’Sicily” was used in the preliminary testing phase.
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Figure 3. Example of waveform inversions: (a) event no. 61 (Table 1) studied using the velocity model *Etna’; and (b) event no. 61 (Table 1) studied using the

velocity model *Sicily’.

Interpreting the percentage of DC or non-DC components for
each earthquake requires investigation and analysis beyond the
scope of this paper, so we limit ourselves to some speculative
considerations of the overall results. In Fig. 5(a), we plot all the

solutions obtained for the study period, while in Fig. 5(b), we show
only the solutions for the events that occurred in the area of the
Pernicana Fault System (PFS, Fig. 1). DC dominates throughout
the study area, probably due to the activation of regional tectonic
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Figure 5. Boxplots showing the percentage of the components of the moment sensor (DC, CLVD and ISO) for the overall area (a) and the Pernicana fault area
(b). On each box, the central mark is the median, the edges of the box are the 25th and 75th percentiles, the whiskers extend to the most extreme data points

not considered outliers.

structures and the formation of the dry eruptive field during the
2008 Etna eruption (e.g. Alparone et al. 2012; Azzaro et al. 2020),
while the solutions in the Pernicana fault area are predominantly
not DC, as would be expected in an area where fluid circulation
has been observed by geophysical and geochemical measurements
(Siniscalchi et al. 2010).

3 SEISMIC MOMENT FROM RESPONSE
SPECTRA

3.1 Method

To obtain an independent estimate of My for the magnitude events
My < 3.4, we used the method of Atkinson et al. (2014), already

applied in other areas (e.g. Moratto et al. 2017; Lanzoni et al.
2020), that calculates M, from response spectra computed at various
periods. The approach uses response spectra calculated at selected
periods (0.3 and 1.0 s) that intercept the plateau of the source
spectra, and it is effective for My < 4 to avoid any finite-fault
effects (Atkinson ef al. 2014). Response spectra computed at 1.0 s
are on the flat low frequency of a standard Brune (1970) point-
source displacement spectrum over a wide range of stress-drop
values; for smaller events (e.g. My < 3 in Atkinson et al. 2014),
the contribution of noise at 1.0 s can be relevant and lead to an
overestimation of magnitude, so response spectra computed at 0.3 s
perform better.

The advantage of using response spectra instead of Fourier ampli-
tude spectra is that they are computed using 5 per cent damping and
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smooth out the irregularities observed in Fourier spectra (Atkinson
et al. 2014). In addition, response spectra at 0.3 and 1.0 s are widely
used engineering parameters that are often available in real-time
(e.g. ShakeMap parameters) and therefore can be used for rapid
estimation of Myy.

Following Moratto et al. (2017), we consider the response spectra
in terms of spectral acceleration (SA) and calibrate the following
empirical function to obtain My values from SAs:

log (SA); = aMy — g (R) — br R + cr )

where T'is the period (0.3 s or 1.0 s), R is the hypocentral distance, a
is the scaling magnitude parameter, g(R) is the geometrical spread-
ing, by is related to anelastic attenuation and c7 is a constant defined
separately for response spectra at 0.3 and 1.0 s (SA03 and SA10,
respectively). Following Atkinson ef al. (2014), the tuning of (1)
can be divided into two stages: (I) a is determined by stochastic
simulations (Boore 1983, 2003) and (II) 7 and ¢y are calibrated by
independent estimates of Myy.

For each event, the My value is calculated as the mean of the
My, values calculated at each station with the associated standard
deviations. We used the vertical components to reduce the local soil
and near-surface amplifications that mainly affect the horizontal
components in volcanic environments (Bianco et al. 1999).

3.2 Calibration from simulated response spectra

To determine the value of a in eq. (2), we compute the synthetic
seismograms using a stochastic approach (Boore 1983, 2003) for a
point source model of Brune, from which we computed SA10 and
SA03. The simulations are computed at a maximum distance range
of 200 km for My ranging from 0.0 to 4.0 at 0.2 units interval,
using as input the parameters proposed by Langer et al. (2016),
who computed ground motion scenarios for Etna that distinguish
between two seismotectonic regimes. One set of input parameters
for shallow VT events with a focal depth of less than 5 km (typi-
cally between 1 and 2 km) is mainly associated with deformation
processes at the surface affecting the volcanic edifice; the other set
of parameters for earthquakes with a focal depth of more than 5 km
(typically 10 km or deeper) occurs in the crystalline basement of
the area and is associated with the regional pattern of crustal defor-
mation (Langer ef al. 2016). The selected parameters are listed in
Table 2.

The magnitude scaling factor, represented by the parameter in eq.
(2), ranges from 1.1 for My > 2.0 to 1.5 for My < 1.0, in agreement
with the observations of Lanzoni et al. (2020). Our data set has a
magnitude between 2.0 and 4.0, so we set 1.15 for surface events
and 1.20 for deep events, respectively.

Trends in the corresponding SA03 and SA10 values as a function
of hypocentral distance (Fig. 6) show that the SA03 data (Fig. 6a)
are saturated for shallow events with My > 3.0. SA03 values are
generally less sensitive to noise, and a good quality station can
record an earthquake of My = 1.0 at a hypocentral distance of
50 km for deep earthquakes (Fig. 6b), while good quality records
seem to be difficult for lower magnitude events. On the other hand,
SA10 is not saturated at larger magnitudes but is strongly affected
by noise at My < 2.0 (Figs 6¢ and d).

3.3 Calibration from My estimates of real data

To calibrate by and c7, our method requires a set of My values that
are estimated independently. For this purpose, we used a data-set

of My, derived from spectral analysis of P waves from a subset
of about 400 earthquakes with M > 1.0 (Fig. 1), totaling about
6400 waveforms recorded by the seismic network INGV-OE since
2005. Selected data from the instrumental seismic catalogue ING V-
OE (Alparone et al. 2015; Alparone et al. 2020a,b,c; Barberi et al.
2020; Alparone et al. 2022) were examined to eliminate spurious
transients and double events. Only data with an SNR greater than 1.3
in the 1-25 Hz frequency band were included in the analysis. The
SNR threshold was established based on previous analyses of Etna
seismicity (e.g. De Gori et al. 2011; Alparone ef al. 2012) and is
the best compromise that does not limit the number of data and still
provides robust spectral estimates. To account for the smoothing
of the spectrum by a Hanning window, the window length was
increased by 5 per cent. Spectra at each station were corrected for
instrumental response and geometrical spreading. Spectral ratios
were calculated using the average of the stations. Spectral analysis
was performed with a window of 1.28 s and a sampling rate of
100 Hz to avoid contamination by the S phase. Following Scherbaum
(1990), the far-field velocity spectrum FV(f) can be expressed as
follows:

fCZ
V(= ZNfQOWeXP (=7 ft") (3)
where € is the low-frequency spectral level of the ground dis-
placement spectrum proportional to the seismic moment, f¢ is the
cut-off frequency and #x is the global absorption factor quantifying
the attenuation along a ray path evaluated by fitting the amplitude
spectrum decay (Eberhart-Phillips & Chadwick 2002).

Assuming the spectral model of Brune (1970) for a point source
and a frequency-independent attenuation within the investigated fre-
quency band, we estimated the corner frequency of the event using a
grid search over the frequency range 1-15 Hz, which corresponds to
the range of fc usually observed for seismicity at Etna (e.g. Patane
et al. 1997; Patan¢ & Giampiccolo 2004; Giampiccolo et al. 2007)
and all records for each event (Scherbaum 1990; Eberhart-Phillips
& Chadwick 2002). The initial attenuation parameter Q was set
with an average O = 100 (Patan¢ ez al. 1997; De Gori et al. 2005;
Giampiccolo et al. 2007; De Lorenzo et al. 2010; De Gori et al.
2011). Then, for each spectrum, an iterative procedure is applied to
adjust the spectral level, €2y, and #*. The corner frequency common
to all stations that recorded the event is fixed, which provides a more
stable solution for the simultaneous inversion of all spectral param-
eters (see De Gori ef al. 2005 for details). The quality of the final fit
is estimated by the root mean square (RMS) between the observed
and calculated spectra. The fit is discarded if RMS is equal to or
greater than 0.4. The spectral parameters obtained were then used
to calculate the seismic moment M, (Keilis-Borok 1959):

3 2
My = 4mpv’ R 4)
FU,,
where p is the density of the medium, R is the hypocentral dis-
tance, v is the body-waves velocity, F is the free surface factor and
U,.» 1s the mean radiation pattern. We considered Vp computed as
a function of the focal depths, p = 2700 kgm—, F = 2 and Ug,
¢ = 0.4 (Giampiccolo et al. 2007).While M, is usually accurately
estimated from earthquake source spectra, other source parameters
(e.g. corner frequency and stress drop) often exhibit considerable
variability, making it difficult to constrain the dynamic properties of
the source of weak events (e.g. Abercrombie 2015), in part because
of the effect of near-surface attenuation, particularly in the volcanic
domain (Havskov et al. 2003). Following Madariaga (1976), we
also calculated the source radius and stress drop (Table S1 of the
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Table 2. Input parameters utilized for the stochastic simulations (from Langer ef al. 2016).

Stress drop Bs Finax
(bar) on gR) (kms~!) (Hz)  Part. factor Rad. pattern
Shallow events (4 < 5 km) 5 90493 R~ R<40km 1.8 5 0.707 0.63
R 0% R > 40 km
Deep events (4 > 5 km) 30 90493 R~ R<40km 3.0 15 0.707 0.63

R %4 R > 40 km

Hypocentral distance (km)

10 50
Hypocentral distance (km)

Figure 6. Simulated SA amplitudes (dots) for (a) and (c) shallow and (b) and (d) deep events along with the function that we have defined as a basis for the
magnitude estimation (solid lines). The low (10~* cm/s? ) and high (10~3 cm/s 2) noise levels (horizontal solid and dashed lines) were also drawn (Atkinson

etal. 2014).

Supporting Information). The source radii range from about 70 to
about 900 m, while the stress drops are limited between 0.01 MPa
and about 60 MPa. These values are fully compatible with those ob-
tained in previous studies for Etna seismicity in the same magnitude
range (Patane et al. 1997; Patane & Giampiccolo 2004; Giampic-
colo et al. 2007; de Lorenzo et al. 2010), confirming the validity of
our approach.

The M, values calculated with relation (3) were converted to
My (Hanks & Kanamori 1979). We refer to these values of My
as Mw(CAL). Calibration events are uniformly distributed in the
range 2.0 < My (CAL) <4.0 (Fig. 7); the hypocentral distance of
the shallow data set (Table S2 of the Supporting Information; 98
earthquakes, 1661 vertical waveforms) is limited to 30 km (Fig. 7a).
For the deep data set (Table S3 of the Supporting Information; 267
earthquakes, 3969 vertical waveforms), the hypocentral distance is
limited to 50 km to limit the complexity of the propagation effects
(Fig. 7b).

To fine-tune eq. (2), we calculate the SA03 and SA10 values for
shallow and deep calibration earthquakes. We set the threshold for
the change in magnitude estimate from My (SA03) to My (SA10)
to 2.4, that is, the magnitude value at which noise can become
dominant for SA10 (Fig. 6d) and bias the final results.

Thus, the My versus (SA) equations for shallow events are:

My (SA) = (log 10(SA10) +3.21 — g(R) + 0.024 % R) /1.15
for2.4 < My < 4.0 (5a)

My (SA) = (log 10 (SA03) + 1.58 — g (R) + 0.047 « R) /1.15
for2.0 < My < 2.4 (5b)

while for deep earthquakes we obtain:

My (SA) = (log 10 (SA10) + 3.01 — g (R) + 0.026 * R) /1.20
for2.4 < My < 4.0 (6a)

My (SA) = (log 10 (SA03) + 1.76 — g (R) + 0.053 % R) /1.20
for2.0 < My < 2.4 (6b)

where R is the hypocentral distance and g(R) is defined as in Table 2.

These relationships reproduce the values of My (CAL) (Figs 8a
and b) in the range 2.0 < My < 4.0: the regression between
My (CAL) and My (SA) was calculated using orthogonal regression
(Castellaro et al. 2006), resulting in a scaling factor of 1.04 £ 0.27
and 1.05 £ 0.17 for shallow (Fig. 8a) and deep (Fig. 8b) events,
respectively. The residuals of My, that is, the differences between
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Figure 7. My (CAL) data set of (a) shallow and (b) deep events mapped in Fig. 1 that were used to calibrate My (SA) equations. For each My (CAL), the
circles represent the available records as a function of the hypocentral distance.
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Figure 8. Comparison between magnitude computed by My (CAL) and Mw(SA) for (a) shallow and (b) deep events. Residuals as a function of the hypocentral
distance computed for each record utilized in the calibration for (c) shallow and (d) deep earthquakes; the black bars represent the mean of the residuals
calculated within equal hypocentral distances of 10 km.

the My calculated at each station for a single event and the average
magnitude of the same earthquake, are plotted as a function of the
hypocentral distance and show a homogeneous distribution around
0.5 (Figs 8c and d); no trend or bias associated with hypocentral
distance is observed. Shallow events at stations close to the source

show a large scatter, likely due to major hypocentral uncertainties
or finite-fault effects not accounted for in our model.

The relations My (SA)-SA adequately reproduce the distance at-
tenuation trend observed in the recorded data for shallow (Figs 9a—f)

and deep events (Figs 9g—1) respectively.
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Figure 9. Comparison of the SA data used during the calibration process with the final My (SA) relations (black lines) tuned for the (a)—(f) shallow events and
(g)—(1) deep events. The reference value My is reported in each panel.

Using the equations for My (SA), we estimate SA values for com- influenced by the saturation effects, but agree with the simulations
parison with the stochastic simulations for 0.0 < My < 4.0 (Fig. 6). for My = 2.0 and 3.0; minor differences may possibly be related to
In the shallow case (Fig. 6a), SA03 derived from the empirical the unmodelled source or site effects (Atkinson ez al. 2014); SA10

equations overestimate the synthetic values for My = 4, which are (Fig. 6¢) are consistent with simulations for My > 2.0, as were

£20Z AInr gz uo 1senb Aq £516022/0252/€/vEz/81o1e/B/woo dno-oiwspese//:sdiy woly pepeojumoq


art/ggad257_f9.eps

2530  Angela Sarao et al.

25 T T

15

0

0.3 0.6 0.9

M, (MT)-M,, (SA)

Figure 10. Differences between Mw(MT) and My (SA) versus event number.

both SA03 (Fig. 6b) and SA10 (Fig. 6d) calculated for deep events.
Fig. 6 also shows that the empirical relationships overestimate the
simulations for My = 1.0 and 0.0, and therefore they cannot be
applied to My < 2.0 events.

For 22 events in the magnitude range 3.0 < My < 4.0 exam-
ined in this study, we can compare the values estimated from the
Myw(SA) relations and the My (MT) moment tensor. Fig. 10 shows
that the differences in magnitude estimates, within the associated
uncertainties are negligible for almost all events considered.

4 M -Mw RELATIONSHIPS

In the final step of our study, we correlated the My values obtained in
this study with the corresponding M, values reported in the Etnean
seismicity catalogue (Alparone et al. 2015a, 2020a,b, 2022; Barberi
et al. 2020); for M, we consider an error of & 0.27, as estimated by

Tuve et al. (2015).
First, we correlate the My determined from the moment tensors
with M, (Fig. 11a):

My (MT) = 1.01 (£0.01) My — 0.02 (£0.02) for3.4 < M; < 4.8 (7)

Then we obtain the relationship My—M; for the My, sa obtained
from eqs (5a) and (5b), (6a) and (6b) (Figs 11b and c):

My (SA) = 0.96 (£0.01) My +0.17(£0.03) for2.0 < My <4.0  (8a)

My (SA) = 1.03 (£0.01) My — 0.01 (£0.02) for2.0 < My < 4.0 (8b)

Since My and My can be considered equivalent for both the
moment tensor and My (SA) in shallow and deep cases (Fig. 10),
and to cover as wide an interval of magnitudes as possible, we
have combined all My, values obtained in this study. Fig. 6 shows
that relations (4) and (5) are not suitable for estimating My for
magnitude M) < 2.0 because they overestimate the values of SA in
this magnitude range. Therefore, to extend our relation to M = 1.0,
we considered the My calculated from the spectral analysis of P

waves in the range 1.0 < M} < 2.0. Finally, we obtained a data set
of 633 My, values (Fig. 11d). The relationship between My and M|
is as follows:

My = 0.97 (£0.01) My + 0.15(£0.01) for1.0 < M, < 4.8 (9)

5 DISCUSSION AND CONCLUSIONS

Estimating the magnitude and energy released by earthquakes in
volcanic environments is one of the most important issues in the
study of volcanic seismicity to understand the generation mecha-
nism and predict the likely evolution of volcanic activity. Indeed,
the cumulative seismic moment of VT can be used to estimate the
volume of intruded magma and thus the probability of impend-
ing eruption and the seismic moments are often derived from My
(Meyer et al. (2021). In addition, rapid and robust My estimates
are highly desirable in high-risk volcanic regions and near densely
populated areas because they have important implications for seis-
mic hazard assessment. The importance of estimating My, even for
small events is shown by Petrosino et al. (2008), who observed that
in the Campi Flegrei volcanic region, the absolute errors in My for
earthquakes recorded with a low SNR are lower than the errors of
ML.

My estimates from moment tensor inversions of broad-band
waveforms are considered the most robust solutions (e.g. Gasperini
et al. 2012). However, in order to be used for seismic hazard assess-
ment, and to cover the widest possible magnitude range including
the low magnitude values typical of Etna seismicity, in this study
we considered independent methods for calculating robust My of
seismic events recorded in 2005-2020 time window. Our goal is
to provide independent My, estimates and empirical relationships
specifically calibrated for the Etna region. To achieve our goal we
compiled a data set with complete seismic moment tensors for
71 events of magnitude 3.4 < M; < 4.8. The obtained solutions
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Figure 11. Orthogonal regressions between My versus My for the Etna earthquakes considered in this study (squares); Mw values are computed by (a)
complete moment tensor, (b) SA for shallow and (c) deep events and (d) merging all My estimated in this study.

show that during the study period, the DC component dominated
the source mechanisms. In contrast, mechanisms unrelated to DC
were predominantly observed in the PFS (Fig. 5b), likely due to the
presence of fluid circulation. The association between non-double-
couple earthquakes and fluids is complex and multifaceted, involv-
ing a variety of physical processes (e.g. Julian et al. 1998). For
instance, the flow of fluids can create pressure imbalances and lead
to development or closure of cracks or fractures in rocks, increase
pore pressure and reduce friction between rocks.

To enrich the My data set for the smallest earthquakes, we cal-
ibrated an independent data-driven equation for My as a function
of SA, for shallow and deep events of Etna seismicity in the mag-
nitude range 2.0 < My < 4.0 (eqs 5a, 5b, 6a, 6b). Comparison of
the values of My (SA) and My obtained from the moment tensor
for the same events in this study demonstrates the robustness of our
results and the compatibility of the two solution data sets. On this
basis, we combined the independent data sets obtained in this study
to obtain a fine-tuned empirical Mw—M; relationship for the Etna
region in the range 1.0 < M} < 4.8 (eq. 9). The new relationship is
fully comparable to the preliminary relationship Mw—M,; of Sarad
etal. (2016).

For the seismicity studied the M} and My scale almost as 1:1
within the associated errors. Several studies (Hanks & Boore 1984;
Edwards et al. 2010; Munafo et al. 2016; Dost et al. 2018; Moratto
et al. 2017, 2019; Lanzoni et al. 2020) have demonstrated that
the difference between M; and My tends to increase for small
to micro events due to source and rupture complexity, radiation
pattern and rupture directivity, stress drop, wave propagation and

seismometer response (Deichmann 2006). The value at which the
ratio of the magnitudes M| and My changes varies for different
data sets and geological settings, and it decreases when the global
absorption factor is small, such as when sensors are very close to
hypocentres, as in deep mines or on volcanoes (Deichmann 2017).
For these reasons, we recommend that users apply the data-driven
relationships that we provide in this study within the magnitude
ranges in which they were calibrated.

The relation between M and My is crucial for seismic hazard
since it affects Gutenberg—Richter parameters and completeness
(Lanzoni et al. 2020) and it can lead to possible biases in the proba-
bility of occurrence of large earthquakes (Staudenmaier ez al. 2018).
Our study is therefore a fundamental building block for accurate
seismic hazard assessment and studies on the dynamics of the Etna
volcano.
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lected for the analysis (see the main text). The radius, » = 0.32xv/f;,
was calculated following Madariaga (1976). Stress drop Ao =
7M,y/16r° was estimated using the average values of M, and r
(Keilis-borok 1959). My was estimated from M, following Hanks
& Kanamori (1979) relationship.

Table S2: Earthquakes locations, local magnitude (M), seismic
moment (/) and moment magnitude used for calibration (Mwcar,))
at shallow depths (4 < 5 km)
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below 5 km of depth.
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tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the paper.
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