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[1] Changes in Coulomb failure stress (ACES) induced by
dike propagation during two flank eruptions on Mt. Etna
(1981 and 2001) are calculated for the most seismically
active faults on the east slope of the volcano (the right-
lateral Timpe fault system, oriented NNW-SSE, and the left-
lateral Pernicana fault, oriented E-W). Calculations
performed using Coulomb 2.5 software indicate that
intrusion of a NNW dike on the NW side of the volcano
(1981 eruption) rises ACFS on both the Timpe and
Pernicana faults. In contrast, intrusion of a N-S dike at
high elevation on the south flank (2001 eruption) rises
ACFS only on Timpe fault System. These results are
compatible with the observed pattern of seismicity, but
emphasize an extremely heterogeneous state of stress on
the east flank of the volcano. Citation: Gresta, S., F. Ghisetti,
E. Privitera, and A. Bonanno (2005), Coupling of eruptions and
earthquakes at Mt. Etna (Sicily, Italy): A case study from the 1981
and 2001 events, Geophys. Res. Lett., 32, 105306, doi:10.1029/
2004GL021479.

1. Introduction

[2] Earthquakes and eruptions are often coupled. In fact,
earthquakes may trigger eruptions by modifying the state of
stress in magma systems and, conversely, large magma
intrusions change stress conditions in the volcanic edifice,
eventually inducing earthquakes [Hill et al., 2002; Stein,
2003; Walter and Amelung, 2004].

[3] Different studies show a correlation between sectors
with a positive increase of Coulomb failure stress (less than
3 bars) and areas with increased rates of seismicity [e.g.,
Reasenberg and Simpson, 1992; Stein, 2003]. Triggering
exerted by magmatic intrusions may extend for several
months to years.

[4] In this paper we examine two flank eruptions at
Mt. Etna (March 1981 and July—August 2001) in terms
of related stress field perturbations. The 1981 and 2001
eruptions offer good case histories because: i) dike propa-
gation occurred with different orientation in two distinct
regions of the volcano; ii) ground deformation is docu-
mented by a good quality data set; iii) quantitative models
of the intrusive bodies are well-constrained [Bonaccorso,
1999; Bonaccorso et al., 2002]; iv) seismic activity on the
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east flank of the volcano occurred in the same time window
of the eruptions.

[s] Coulomb failure stress changes induced by these
eruptions are analyzed for two of the most active faults on
the eastern flank of Mt. Etna: the Timpe Fault system (TFS)
and the Pernicana Fault (PF) (Figure 1).

[6] TES is defined by sets of ~NNW-SSE, en-echelon
faults, dipping 70° east, that control the steep Ionian
coastline for more than 30 km (Figure 1). Progressive offset
of superposed lava flows and geomorphic features record a
history of late Pleistocene and Holocene motion with slip
rates <2 mm/year [cf. Monaco et al., 1997]. Striated fault
planes and coseismic slip during historical earthquakes
indicate transtensional, right-lateral mechanisms. PF is
an E-W, sub-vertical fault, extending from elevations of
~1850 m down to the coastline, with a total length of
~20 km along strike [Neri et al., 2003]. Offset of volcanic
bodies, buildings and roads indicate left-lateral, transten-
sional slip at extremely fast slip rates (<13 mm/year)
[Azzaro, 1997, 1999; Monaco et al., 1997]. Only the
western segment of PF is seismically active, whereas creep
prevails in the east (Figure 1).

[7]1 On both faults the largest earthquakes (M < 4.5) are
extremely shallow (h < 2 km), producing coseismic ground
fracturing that results in strong ground shaking over small,
(less than 1 km?), but densely populated, areas.

2. Stress Field at Mt. Etna

[8] Mt. Etna is a composite volcano located in the footwall
of a system of seismically active faults that bound the east
coast of Sicily for an overall length greater than 200 km. A
sub-horizontal o, oriented NNW-SSE is documented for the
late Pliocene episodes of compression in the Sicilian thrust
belt [Ghisetti, 1979], but the extent to which the Quaternary
edifice of Mt. Etna sits in a compressive or rather in an
extensional setting remains controversial [Monaco et al.,
1997; Doglioni et al., 2001].

[o] Part of the problem is that in a complex, tectono-
volcanic setting like that of Mt. Etna, the stress field is
likely to be extremely heterogeneous. In fact, stress com-
ponents related to ascent and emplacement of magma
induce time- and depth-dependent modifications of the
“regional” stress field [Barberi et al., 2000]. In addition,
the strong elevation gradients, and the large-scale sliding of
the volcano eastern flank [Borgia et al., 1992] may strongly
modify the local stress conditions.

[10] Heterogeneity of the stress field at Mt. Etna is well
documented by focal solutions of recent earthquakes that
display a scatter in dip - from sub-horizontal to subvertical -
of NNW-SSE oriented o; axes (coupled to an E-W, sub-
horizontal o3) [Barberi et al., 2000, 2004] and by the
observed, contemporaneous activity of TFS and PF with

1 of 4



L05306

| Tyrrhenian
I Sea' .

Figure 1. DEM of Mt. Etna volcano, showing the 1981
and 2001 eruptive fractures (white lines). Black lines
indicate the Timpe fault system (TFS) and Pernicana fault
(PF). The latter is divided in two segments, in bold the
seismogenic one.

mechanisms (right and left-lateral, respectively) that are not
compatible with any of the possible stress configurations.

3. Coulomb Stress

[11] The theory behind changes in Coulomb static stress
failure (ACFS) and its application have been extensively
described [e.g., King et al., 1994]. ACFS = Aty + (Ao, +
AP), where Aty is the change in shear stress resolved in
the direction of slip on a given fault plane, Ao, is the
change in normal stress along a direction normal to the
fault plane, | is the apparent coefficient of friction, and AP
is the change in pore-fluid pressure. The indeterminacy
of parameters like the fluid pressure [Reasenberg and
Simpson, 1992] are resolved by assuming an effective
coefficient of friction (i) that includes the effects of pore
fluids and the material properties of the fault zone. Thus:
ACFS = Aty + /Ao,

[12] Here we apply the software Coulomb 2.5 [King et
al., 1994] to study increased rates of seismic activity in
a Magnitude range 2—4 on two fault systems that are
contemporaneously active, but possess a kinematics not
compatible with the same orientation of the stress fields.
This application allows us to investigate the effects of a
range of input parameters on the stability of the solution in
terms of positive correlation between an increase in ACFS
and seismic activity. Concerning the material properties we
have tested Young’s modulus E from 60 to 100 GPa,
coefficient of effective friction |’ between 0.2 and 0.6 and
a Poisson’s ratio v = 0.25. Various tests show that the results
(excluding the boundaries of the lobes) are within the ranges
+25% and +£35% by varying E and 1, respectively. Here we
use the average values E = 80 GPa, |/ = 0.4.

[13] As discussed above, choice of the “regional” stress
field is much more problematic in terms of dominant
“regional” regime (strike-slip vs. normal) and long-term
vs. short-term conditions controlled by episodic magmatic
intrusions and gravitational instabilities.

[14] For these reasons we have tested the whole range of
stress field orientations indicated by focal solutions (o
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oriented from N285° to N15° with a dip scatter 0°—90°)
and we have explored the possibility of heterogeneous stress
sources for TFS and PF. The inferred, eastward collapse of
the volcano eastern flank adds another source of complexity
on the stress field, but location, kinematics and geometry of
the detachment surface are not univocally modeled [e.g.,
Lundgren and Rosen, 2003; Puglisi and Bonforte, 2004].
Thus, controversial results arise from alternative models.
Though we are well aware of the limitations associated with
simplified assumptions, here we present the results of ACFS
calculations based on possible, but limited ranges of input
parameters with: horizontal o, oriented N337° and PF and
TFS analysed for the cases of: i) “optimally oriented strike-
slip faults”; or ii) specified faults (calculations are per-
formed excluding regional stress field). In the latter case, PF
is a receiver vertical plane oriented N95°, with rake 0° (left
lateral) and TFS is a receiver plane oriented N337°, dipping
70°NE, with rake 180° (right lateral).

[15] The magmatic sources of the 1981 and 2001
eruptions have been modeled by using some different
approaches [e.g., Sanderson et al., 1983; Lundgren and
Rosen, 2003]. Here we use the sources modeled by
inversion of ground deformation data [Bonaccorso, 1999;
Bonaccorso et al., 2002].

[16] PF was only active during the 1981 eruption (both
before and after) whereas TFS was active after both erup-
tions of 1981 and 2001. The largest earthquakes are listed
in Table 1.

[17] For the 2001 earthquakes we used both macroseis-
mic surveys and our computation of fault plane solutions,
whereas for the 1981 earthquakes we used only the macro-
sesimic data of Azzaro [1999], due to a paucity of good
quality onset polarities. The orientation and slip of PF and
TFS that we have used in the modeling are in agreement
with the seismic data.

[18] The depth interval of earthquakes is different for
TFS (0—4 km b.s.]) and PF (2 km a.s.l-1 km b.s.l). A
series of test we have performed show no significant
dependence of the results on this depth variations; conse-
quently, we use an average value of 1.5 km b.s.l for TFS
and 1 km a.s.l. for PF.

3.1. 1981 Eruption

[19] The 17th—23rd March 1981 eruption is the most
important flank eruption on the northwest slope of Mt. Etna

Table 1. List of the Largest Earthquakes (2.7 < M < 4.0) That
Occurred on TFS and PF (in Bold) Before and/or After the 1981
and 2001 Eruptions

1981 2001

# Data M # Data M
1 Jan-04 4.0 1 Aug-30 2.9
2 Mar-24 2.8 2 Sep-26 2.9
3 Apr-30 3.5 3 Oct-15 2.7
4 Jul-03 33 4 Oct-18 2.8
5 Jul-07 2.9 5 Oct-26 2.9
6 Jul-14 3.0 6 Oct-28 (09:03) 3.5
7 Jul-19 2.9 7 Oct-28 (11:00) 2.8
8 Jul-29 32 8 Oct-28 (15:05) 32
9 Sep-01 3.6 9 Oct-31 2.8
10 Sep-02 2.9

11 Sep-13 33

12 Oct-10 2.9

13 Oct-11 2.9

2 of 4



L05306

-1.0 1.0 bar

Figure 2. ACFS induced by the 1981 dike intrusions in the
NW flank (white lines). Stars indicate earthquake epicenters
(numbers as in Table 1). (a) Specified fault calculation: (top)
ACFS is shown for an average depth of 1 km a.s.l.; and
(bottom) ACF'S is calculated at 1.5 km b.s.1. (b) The same as
in Figure 2a but including regional stress field (o; = N337°;
grey arrows) in computation (optimally oriented strike-slip
faults: right-lateral = N303°, left-lateral = N16°).

in the last century. According to Bonaccorso [1999] ground
deformation indicates that the dike intrusions started 3—
4 months before the eruption. The eruption began with a
NNW-SSE oriented, northward propagating fracture that
broke 7 km downslope (from 2500 to 1100 m a.s.l.,
Figure 1), in about 6 hs. Most of the lava was erupted at
high rates (~35 m?/s) in the first 20 hs. The estimated total
magma output ranges between 18 x 10° and 25 x 10° m>.

[20] In our calculations we have assumed the double
tensile crack model of the eruptive fissure of Bonaccorso
[1999]. Accordingly, the first and deeper crack (NNW-SSE
oriented, west-dipping and 5 m wide) radiated from the
summit of the volcano, from ~1700 to 300 m a.s.l., for an
extent of ~3 km. The second, shallower crack (NNW-SSE
oriented, west-dipping and 1 m wide) propagated north for
7 km.

[21] In our Coulomb 2.5 calculations the double dike
intrusions are treated as “uniform dislocations in a homo-
geneous elastic half-space”. For the case of “specified
fault” we obtain: i) a strong increase of ACFS (greater than
13 bar) in the seismogenic segment of PF (Figure 2a, top);
ii) a slight increase (0.1-0.2 bar) of ACFS on part of TFS
(Figure 2a, bottom). For the case of “optimally oriented
fault” we obtain: jii) a decrease of ACFS (~—1.0 bar) on
the optimally oriented planes in most of the area affected by
the seismogenic segment of PF (Figure 2b, top); iv) an
increase of ACFS (0.1-0.9 bar) for the optimally oriented
(N303°, vertical) right-lateral strike-slip faults in the whole
area surrounding TFS that was affected by increased seismic
activity (Figure 2b, bottom).

3.2. 2001 Eruption

[22] The July 17th—August 9th, 2001 flank eruption of
Mt. Etna was characterized by an extremely high volume of
ejected pyroclastic material, nearly equal to the lava volume

GRESTA ET AL.: ERUPTIONS AND EARTHQUAKES AT MT. ETNA

L05306

(~50 x 10° m®). The eruptive setting was rather complex,
with involvement of the southeast summit crater and flank
fractures. The main eruptive fracture propagated with N-S
trend for about 7 km (Figure 1), extending from 3000 to
2100 m a.s.l.

[23] Inversion of ground deformation data is compatible
with intrusion of a 2.2 km long, 3.5 m wide dike trending
N7° that propagated southeast of the summit craters, from
elevations of 1400 m a.s.l. to 900 m b.s.l. [Bonaccorso
et al., 2002]. For the case of “specified fault” we obtain:
i) negative ACFS (down to —2 bar) on the potentially
seismogenic segments of PF (Figure 3a, top); ii) a decrease
of ACFS (down to —1 bar) on almost the whole length of
TFS (Figure 3a, bottom). For the case of ““optimally oriented
fault” we obtain: iii) an increase of ACFS (up to 3 bar) on
the optimally oriented planes in most of the area crossed by
the seismogenic segment of PF (Figure 3b; top); iv) an
increase of ACFS (0.5-5.0 bar) on the optimally oriented
right-lateral strike-slip faults (N303°, vertical), in the TFS
area (Figure 3b, bottom). All the largest earthquakes (2.7 <
M < 3.5) that occurred in the four months following the end
of the eruption (Table 1) are located in the area of increased
ACFS around TFS, and the fault plane solutions are com-
patible with the orientation of the computed optimally
oriented faults. No earthquakes occurred on PF during the
period August 2000—August 2002.

4. Discussion

[24] Calculations of ACFS performed using Coulomb 2.5
software are obviously dependent on the choice of the input
parameters, with some assumptions having stronger weight
than others. We have presented solutions based on a limited
range of input parameters, though we actually tested the
sensitivity of results to a wide range of conditions. Our
model calculations suggest that the interaction between
flank eruptions at Mt. Etna and earthquakes on TFS and
PF is complex, but feasible. Causes of complexities are
multiple. Material properties are likely to be heterogeneous,

1.0 bar

Figure 3. ACFS induced by the 2001 dike intrusion in the
south slope (white line). Earthquake epicenters (stars) are
plotted together with lower hemisphere projection of fault
plane solutions (numbers as in Table 1). Same assumptions
as in Figure 2.
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especially considering the fabric of the fault zones relative
to the surrounding rocks, and the strong variations in heat
flow and fluid pressure during eruptive cycles. Different
values of E and |’ do not alter the shape and size of the
lobes of increased stress, but affect the magnitude of ACFS
up to about 35%. Given the low magnitude of the observed
earthquakes, even small changes in ACFS are likely to
affect seismicity.

[25] However, we feel that the parameter that mostly
influences our solutions is the stress field. We have tested
conditions that either exclude or include the regional stress
field. In the latter case we have chosen a regional strike-slip
stress field with o; sub-horizontal ~N-S and o3 sub-
horizontal, ~E-W. This choice fits a large number of
earthquake focal solutions in the investigated area, and is
validated by the right-lateral movement on TFS, but is at
odds with left-lateral movement on PF.

[26] Our computations (Figures 2 and 3) show that:
i) intrusion of NNW-SSE dikes in the north-west flank of
Mt. Etna (as in 1981) rises ACFS on “optimally oriented”
faults and may determine a strong increase on PF, but only
in the case of “specified fault” (Figures 2a, top and 2b,
bottom); i7) intrusion of N-S dikes in the south flank (as in
2001) increases ACFS only on the “optimally oriented”
faults, and specifically decreases ACFS on PF in the case of
“specified fault”.

[27] These results suggest that PF needs specific driving
mechanisms other than the regional stress field.

[28] The seismicity recorded both on 1981 and 2001 in
the area of TFS has occurred on fault segments striking from
N318° to N337°. This matches with the strike of optimally
oriented right-lateral strike-slip faults (N303°, vertical).

[29] A different behavior between PF and TFS is
evidenced. Dike intrusions with favorable orientation trig-
ger earthquakes on PF, but barely encourage earthquakes on
TFS.

[30] We have evidenced a strongly heterogeneous stress
field, as a possibly consequence of transient dynamic
changes in shear stress, fluid pressure and dynamic slope
instabilities, all mainly controlled by magmatic intrusions.
A refinement of our simple approach will certainly require a
more sophisticated modeling of the sources that eventually
includes the effect of the collapse of the east flank above a
basal detachment.

[31] However, our results make sense of i) the observed
seismic activity along TFS during both 1981 and 2001,
ii) the significant seismic activity on PF before (at the start
of dike intrusion?) and after the March 1981 eruption, iii) no
seismic activity on PF during the whole 2001.

5. Conclusions

[32] Changes in Coulomb failure stress calculated for the
1981 and 2001 flank eruptions at Mt. Etna are compatible
with the observed seismic activity, from some months before
the eruption to some months after, on the east slope of the
volcano. However, increase of seismic activity on the two
largest faults of the volcano (TFS and PF) cannot be modeled
within a homogeneous stress field, and appears to depend on
location and orientation of the magmatic fractures.
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[33] Stress perturbation driven by emplacement of exten-
sional magma-driven dikes may trigger and/or encourage
rupturing at shallow depth of fault segments. Though small
(M < 4.5), these earthquakes have a severe impact on the
infrastructure of the densely populated east slope of the
volcano.
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