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Abstract Most flank eruptions within a central stratovolcano are triggered by lateral draining of magma from
its central conduit, and only few eruptions appear to be
independent of the central conduit. In order to better
highlight the dynamics of flank eruptions in a central
stratovolcano, we review the eruptive history of Etna over
the last 100 years. In particular, we take into consideration the Mount Etna eruption in 2001, which showed
both summit activity and a flank eruption interpreted to be
independent from the summit system. The eruption
started with the emplacement of a ~N-S trending peripheral dike, responsible for the extrusion of 75% of the total
volume of the erupted products. The rest of the magma
was extruded through the summit conduit system (SE
crater), feeding two radial dikes. The distribution of the
seismicity and structures related to the propagation of the
peripheral dike and volumetric considerations on the
erupted magmas exclude a shallow connection between
the summit and the peripheral magmatic systems during
the eruption. Even though the summit and the peripheral
magmatic systems were independent at shallow depths
(<3 km b.s.l.), petro-chemical data suggest that a common
magma rising from depth fed the two systems. This deep
connection resulted in the extrusion of residual magma
from the summit system and of new magma from the
peripheral system. Gravitational stresses predominate at
the surface, controlling the emplacement of the dikes
radiating from the summit; conversely, regional tectonics,
possibly related to N-S trending structures, remains the

most likely factor to have controlled at depth the rise of
magma feeding the peripheral eruption.
Keywords Central volcanoes · Summit and flank
eruptions · Dikes · Tectonics · Volcano load · Mount Etna

Introduction
Central stratovolcanoes are characterized by summit and
flank eruptions. Summit eruptions are the consequence of
the extrusion of magma from a central reservoir through
the summit conduit. Flank eruptions are commonly
characterized by multiple aligned vents that radiate from
the summit of the volcano (Fig. 1).
The long-term (102–103 years) relationships between
summit and flank eruptions have been previously investigated, defining distinct patterns (Takada 1997). In the
shorter term, within the time span of a single eruption,
several aspects have also been highlighted. Most of the
observed flank eruptions on stratovolcanoes with pro-
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Fig. 1 Sketch showing the relationships between flank and summit
eruptions developed within a central volcano
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Fig. 2 Simplified geological
and tectonic map of Mount
Etna. The boundaries of the
unstable sector of the volcano
are taken from Borgia et al.
(1992) and Rust and Neri
(1996). The sedimentary basement is made up of units of the
Apennine-Maghrebian Chain
(N and W sectors) and of EarlyQuaternary clays (S sector). VB
Valle del Bove, P Pernicana
Fault, RN Ripe della Naca
Faults, T Acireale Faults, R
Ragalna Faults. 1 1900–2002
lava flows; 2 recent alluvium; 3
“Chiancone” deposit, originated
from the emptying of Valle del
Bove; 4 Etnean volcanics; 5
Early Quaternary clays; 6 PreQuaternary sedimentary rocks;
7 main eruptive fracture zones;
8 cinder cones; 9 main faults
(arrows indicate lateral component of movement); 10 direction
of displacement of the unstable
sector; 11 boundaries of the
unstable sector, question marks
indicate uncertainty of some
segments of the boundaries.
Inset (a): Etnean summit craters. VOR Voragine; NEC
North-East Crater; BN Bocca
Nuova; SEC South-East Crater

nounced topography originate from the summit conduit:
here magma rises, often feeding summit eruptions, and
subsequently propagates laterally, downslope, feeding
radial fissures (i.e., Rubin and Pollard 1987; Fig. 1). This
mechanism has been commonly observed in Hawaii, at
both Kilauea and Mauna Loa volcanoes (Decker 1987;
Dvorak and Nakamura 1987; Fiske and Jackson 1972;
Holcomb 1987; Lockwood et al. 1987). Other examples
of summit eruptions being followed by flank eruptions
include Mount Etna (Bousquet and Lanzafame 2001;
McClelland et al. 1989), Vesuvio (Alfano and Friedlaender 1929 and references therein), Nyiragongo (Tedesco
2002), Miyakejima (Geshi et al. 2002), Izu-Oshima
(Sumner 1998), Taveuni (Cronin et al. 2001), Huaynaputina (Adams et al. 2001) and Piton de la Fournaise
(McClelland et al. 1989).
A few flank eruptions, however, are triggered by
intrusions that are not fed through the summit conduit, as
shown by the lack of seismicity, surface deformations and
volcanic activity in the latter: examples include Miyake-

jima (McClelland et al. 1989), Fernandina (Jonsson et al.
1999) and Etna (Romano 1982). These eruptions are
possibly directly fed, through radial dikes, by the
reservoir beneath the volcano, as proposed at Fernandina
(Chadwick and Dieterich 1995). Flank eruptions that are
not fed by the summit are here termed peripheral
eruptions (Fig. 1).
A stress field controlled by regional tectonics has been
commonly invoked to explain the dynamics of lateral
flow of magma from a reservoir and thus the occurrence
of peripheral eruptions (Gudmundsson 1987, 1998).
Nevertheless, all the mentioned peripheral eruptions
occurred within volcanic edifices at least 2,000 m high:
this suggests that, as an alternative to a regional
component, peripheral volcanic activity may also be,
even though to a lesser extent (Gudmundsson 2002),
influenced by a component due to the load of the volcano.
Peripheral eruptions thus appear to be extremely rare
and associated with regional stress fields or prominent
(height >2,000 m) volcanic edifices. In order to get more
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insights into the dynamics of flank eruptions, trying to
better evaluate the role of tectonics and topography, we
review the eruptive history of Etna volcano over the last
100 years, for which a database is presented. In particular,
we consider the Etna eruption of July–August 2001,
which actually was both a summit eruption and a
“peripheral” eruption (Lanzafame et al. 2003; Behncke
and Neri 2003). The collected data suggest that the
regional tectonic stress field played a major role in
triggering the peripheral eruption, while the gravitational
stresses resulting from the load of the volcano controlled
the summit eruption.

Etna and its summit and flank eruptions over the last
100 years
Etna is located at the front of the Apennine-Maghrebian
Chain (Cristofolini et al. 1979; Lanzafame et al. 1997a),
along the N-S trending extensional Malta escarpment
(inset in Fig. 2) and lies on Pliocene-Pleistocene foredeep
deposits (mainly sand and clay). Its tectonic setting is
characterized by an overall E-W extension direction
(Bousquet and Lanzafame 1986; Di Geronimo et al. 1978;
Kieffer 1985; Labaume et al. 1990; Lanzafame et al.
1997a, 1997b; Monaco et al. 1997; Monaco and Tortorici
2000).
Volcanism at Etna evolved from a predominantly
subaerial and submarine activity along a fissure (up to
200 ka) to the development of several vents dispersed
over a wide area (Calvari et al. 1994; Coltelli et al. 1994;
Corsaro et al. 2002; Romano 1982). The present Etna has
a central conduit, with four summit craters, immediately
west of the Valle del Bove depression (Fig. 2). Volcanic
activity is focused at the summit and along radial fissures,
forming three main “rift zones” (Rittmann 1973; Garduo
et al. 1997, and references therein): the NE Rift, the S Rift
and the W Rift (Fig. 2). The propagation of the rift zones
from the summit craters suggests that the former are
laterally fed by the central conduit rather than vertically,
directly from the magma reservoir (Bousquet and Lanzafame 2001; Ferrari et al. 1991; Garduno et al. 1997;
Kieffer 1985; McGuire and Pullen 1989; Tanguy and
Kieffer 1993; Tazieff and Le Guern 1971).
We summarize the modalities of the summit and flank
eruptions at Etna over the last 100 years, for which a
database is presented; the overview of the eruptive
fissures is shown in Fig. 3 and the main features of the
eruptions are listed in Table 1.
Many eruptive fissures above 2,000 m have an overall
N-S orientation, whereas several fissures below 2,000 m
(1911, 1923, 1928, 1947, 1971, 1981 and 1989 eruptions)
have more scattered trends, mainly propagating towards
NE and SE; these trends are parallel to the Valle del Bove
upper rim, which has scarps up to 1 km high (Fig. 3).
Moreover, the fissures propagating towards NE are
associated with fractures with left lateral components of
motion (Garduno et al. 1997; Neri et al. 1991), whereas
those propagating towards SE are associated with frac-

tures with right-lateral motions (Coltelli et al. 1994). This
kinematics is consistent with that of the Pernicana (to the
NE) and Ragalna (to the SE) faults, bordering the mobile
eastern and southern sectors of the volcano (Fig. 2; Borgia
et al. 1992, 2000; Froger et al. 2001; Lo Giudice and Ras
1992; Merle and Borgia 1996; Neri et al. 1991; Rust and
Neri 1996).
The eruptions in the last 100 years show common
features. Strombolian activity from the summit craters,
lasting several months, precedes the flank eruptions: these
occur through fractures associated with the lateral propagation of radial dikes from the summit, whereby the
activity ceases. Thus, the radial dikes transfer magma
from the summit craters to the lower portions of the
volcano along subhorizontal flow paths (Bousquet and
Lanzafame 2001; Ferrari et al. 1991; Garduo et al. 1997;
Murray 1994; Murray and Pullen 1984; Neri et al. 1991).
In the past 100 years, only two flank eruptions (one in
1974 and – in part – one in 2001; Table 1) were not fed
by the central conduit, resulting in peripheral activity
(Lanzafame et al. 2003; Bottari et al. 1975); the
independence of these eruptions from the central conduit
was mainly suggested by the lack of volcanic and seismic
activity and surface deformations within the central
conduit. Summit eruptions in the last century were
usually longer (several months), with moderate extrusion
rates (<2 m3s-1); flank eruptions have higher extrusion
rates (>10 m3s-1) and usually have a shorter duration
(commonly a few tens of days; inset b in Fig. 3). The
scenario of lateral migration of magma from the summit
craters can be applied not only to the last century, but also
to a significant part of that of the last 34 ka (Gillot et al.
1994; Kieffer 1985; McGuire 1982).
The tectonic fissures consist of tension fractures and
normal faults, with vertical displacements of <2–3 m; the
cumulative amount of extension, measured directly on the
field, is usually <6 m. The faults are usually arranged in
grabens, with a width between 10 and 1,400 m.
At Etna, the development of fractures associated with
volcanic activity has been interpreted as being due to the
emplacement of a dike at depth (Bousquet and Lanzafame
2001 and references therein). However, fracturing as a
consequence of dike emplacement is not a general rule
(Bonafede and Danesi 1997) and the deformation pattern
may be complicated by the presence of a layering with
different mechanical properties (Gudmundsson and Brenner 2001; Gudmundsson et al. 2002 and references
therein).
The formation of tension fractures or normal faults at
the surface usually depends upon the depth of the dike
(Bousquet and Lanzafame 2001: a shallow dike, under
lower lithostatic pressures, may induce tension fractures;
conversely, a deeper dike, at higher confinement pressures, may form shear fractures (Pollard et al. 1983) and
thus grabens at the surface. The velocity of propagation of
the fractures can be up to a few m/s, similar to the ones
inferred for Iceland (Gudmundsson 1995), with mean
values between 0.26 ms-1 and 0.01 ms-1; the time required
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Fig. 3 Location of the eruptive
fissures developed at Etna in the
last century. Inset A Rose diagram summarizing the orientation of the eruptive fissures in
the last 100 ka. Inset B Volumes
vs. eruption rates of Etnean
eruptions in the last century; the
domains related to summit and
flank eruptions are schematically highlighted (modified
from Andronico et al. 2002)

to develop a steady deformation pattern is on the order of
a few hundred hours (Table 1).

The 2001 eruption
The Southeast Crater (SEC, Fig. 2inset), one of the four
summit craters of Etna, was active, mainly with Strombolian activity, for several years preceding the 2001
eruption, suggesting open central conduit conditions.
A seismic swarm on the southern flank of Etna
(Montagnola area, Fig. 4) marked the onset (12–13 July)
of the 2001 eruption. Hypocenters of nearly 3,000
earthquakes, aligned along a N-S direction, were mainly
located at depths between 3,000 m below and 1,000 m
above sea level; nevertheless, a more limited seismicity
has been observed down to 4–6 km b.s.l.; no seismicity
was recorded below the summit of the volcano (Patan et
al. 2002). Ground swelling (up to 0.2 m) occurred at the
Montagnola area on 13 July and continued until the 16th
(Bonaccorso et al. 2002). On 16–17 July, a 1,400-m-long,
500-m-wide, NNE–SSW-trending graben formed nearby

the parallel Valle del Bove upper rim (area of vent 5 in
Fig. 4); total extension across the normal faults was ~3 m,
maximum vertical displacement was ~1 m. At this stage,
volcanic activity was not observed yet.
During the night of 16–17 July, lava fountaining
occurred at the SEC, accompanied by a lava flow (vent 1
in Fig. 4). This was immediately followed by the opening
of a N–S-trending eruptive fissure (vent 2 in Fig. 4) at the
S base of the SEC. The fissure consisted of tension
fractures and normal faults, with a vertical displacement
of <0.5 m, forming a ~50-m-wide graben (between vents
2 and 3 in Fig. 4), with a total extension of ~3 m (Fig. 5);
the total extension was given by the sum of the openings
of the fractures and the openings related to the displacement of the normal faults along a section perpendicular to
the fissure. Lava extrusion along this fissure mainly
occurred from two vents (vents 2 and 3 in Fig. 4) at 2,950
and 2,700 m, respectively, lasting 23 days. At the onset of
effusive activity at vent 3, the effusion rate at vent 2
dropped significantly, suggesting a connection between
the vents.

End

0.75

Duration
(days)

0.54

3

6

16/04/1957 03/05/1957 18

02/04/1956 08/04/1956

18/07/1955 02/12/1955 136
28/02/1956 02/03/1956 4

25/11/1950 01/12/1951 372

02/12/1949 05/12/1949

24/02/1947 10/03/1947 15

30/06/1942 01/07/1942

17/06/1923 18/07/1923 31
02/11/1928 20/11/1928 18

27/05/1911 10/07/1911 45
10/09/1911 22/09/1911 13
30/11/1918 01/12/1918 2

23/03/1910 18/04/1910 27

29/04/1908 30/04/1908

Onset

Eastern
flank:
Valle del
Bove
Southern
flank
NE crater
NE rift
Northern
flank
NE rift
Eastern
flank
Southwestern
flank
Northern
flank
Summit
area;
northwestern
flank
Eastern
flank:
Valle del
Bove
NE crater
Central
crater;
eastern
flank: VB
Central
crater
NE crater

Vent
location

S

S

3,200

3,300

155

2,8502,200 1,850

F

3,200
3,300–2,700

3,240–1,990 3,095

S–F

S
S–F

3,050–2,200 5,200

2,800–2,500 2,100

2,500–1,800 4,275
2,700–1,200 4,885

3,160
2,550–1,625 4,710
3,100–2,025 1,780

F

F

F
F

S
F
F

2,300–1,900 5,190

2,800–2,275 4,250

F

F

Max.-min.
vent
altitude
(m a.s.I.)

Type
of
eruption

Vent
length
(m)

130

90

355;0;20;
40
210;340;
330

185;235

30;40
70

30;45
180;325

180;210;
225;265

135;170

Azimuth
()

Fractures

2

13

18

5

25.5
56

15

15

Time
of
propagation
(h)

0.26

0.07

0.08

0.12

0.05
0.04

0.09

0.10

Mean
speed
of
propagation
(m/s)

400

150

60

1,410

Max.
width
of the
fractures
field
(m)

1.3

4.5

2.4
2.6

9.70

4.60

6.60

4.10

11.50
9.15

8.50
1.40

11.00

4.45

Max.
length
(km)

0.48

0.55

1.45
0.31

10.88

2.87

1.98

0.83

6.48
5

5.54
0.27

4.92

1

Area
covered
(106 m2)

Lava flows

1.44

1.64

3.63
0.90

151.36

10.00

11.88

1.66

78.00
40.00

55.40
1.22

65.00

2.00

Lava
volume
(106 m2)

424.13

422.69

420.15
421.05

416.52

265.16

255.16

243.28

201.62
241.62

67.00
122.40
123.62

67.00

2.00

Cumulate
lava
volume
(106 m2)

0.567

0.6
0.21

0.632

0.2

0.025

0.1

0.5
2.5

1.62

0.2

0.15

Pyrocl.
volume
(106 m2)

0.93

3.36

3.60
3.30

4.73

39.30

9.20

37.60

29.00
27.30

50.80
7.00

28.00

33.00

Mean
eruption
rate
(m3s1)

Table 1 Main features of Etna’s eruptions in the last century (modified after Andronico et al. 2002). PR Piccolo Rifugio, SC Serra delle Concazze, VB Valle del Bove, VL Valle del
Bove, F flank, P peripheral, S summit
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End

Duration
(days)

25/02/1975 138
29/08/1975 187
28/11/1975 77
08/01/1977 406

5

8

25/08/1978 30/08/1978

23/11/1978 30/11/1978

16/07/1977 27/03/1978 254
29/04/1978 05/06/1978 37

10/10/1974
24/02/1975
12/09/1975
29/11/1975

11/03/1974 29/03/1974 18

30/01/1974 17/02/1974 17

05/04/1971 12/06/1971 69

13/01/1966 31/12/1966 353
07/01/1968 14/07/1968 190

01/02/1964 30/06/1964 150

Onset

Table 1 (continued)

Central
crater;
eastern
flank: VB
NE crater
Eastern
flank:
Valle del
Bove
SE crater;
eastern
flank: VB,
SC
Western
flank
Western
flank
NE crater
NE rift
NE crater
Northern
flank:
Punta
Lucia
NE crater
SE crater;
eastern
flank: VB
SE crater;
eastern
flank: VB
SE crater;
eastern
flank: VB

Vent
location

3,050–2,350 1,865

3,050–1,675

F

3,200
3,000–2,600 1,865

3,200
2,625
3,200
2,980–2,900

1,650

1,670

S–F

S
F

S
F
S
F

P

P

3,050–1,800 5,172

S–F

415

795

3,250–3,070
3,050–2,600

3,300–2,900

S

Vent
length
(m)

S–F
S–F

Max.-min.
vent
altitude
(m a.s.I.)

Type
of
eruption

110;160

50

140;150

65;80;
145;170

90
130;70

95

Azimuth
()

Fractures

20

110

Time
of
propagation
(h)

0.03

0.01

Mean
speed
of
propagation
(m/s)

Max.
width
of the
fractures
field
(m)

4.70

2.70

7
4.00

1.75
2.2
8.00

1.3

1.5

7.25

2.5
2.4

3.8

Max.
length
(km)

3.4

1

3.33
2.3

1.81
2.1
1
4.9

0.2

0.3

7.6

2
0.581

1.84

Area
covered
(106 m2)

Lava flows

11.00

4.00

6.66
27.50

10.90
11.76
6.00
29.40

2.10

2.40

75.00

3.80
1.45

4.60

Lava
volume
(106 m2)

620.69

609.69

578.19
605.69

524.37
536.13
542.13
571.53

513.47

511.37

508.97

432.52
433.97

428.73

Cumulate
lava
volume
(106 m2)

0.005

1.075

2.025

3

Pyrocl.
volume
(106 m2)

10.60

7.70

0.30
8.60

0.91
0.73
0.91
0.84

1.00

3.00

13.00

0.12
0.09

0.35

Mean
eruption
rate
(m3s1)
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End

6

Duration
(days)

5

04/07/1996 30/07/1996 26
19/07/1997 07/07/1998 353

04/01/1990 02/02/1990 29
14/12/1991 31/03/1993 473

11/09/1989 09/10/1989 29

13/09/1986 24/09/1986 11
30/10/1986 01/03/1987 122

25/12/1985 31/12/1985

10/03/1985 13/07/1985 125

28/04/1984 17/10/1984 172

28/03/1983 06/08/1983 131

01/09/1980 26/09/1980 25
05/02/1981 07/02/1981 2
17/03/1981 23/03/1981 6

03/08/1979 09/08/1979

Onset

Table 1 (continued)

SE crater;
eastern
flank: VB,
SC
NE crater
NE crater
Northwestern
flank
Southern
flank:
Piccolo
Rifugio
SE crater;
eastern
flank: VB
SE crater,
southern
flank: PR
Eastern
flank:
Valle del
Bove
NE crater
Eastern
flank: VB,
SE crater
SE crater,
eastern
flank: VB
SE crater
Eastern
flank:
Valle del
Bove
NE crater
SE crater

Vent
location

S
S

S
F

3,200
3,100

3,050
3,1002,400 2,865

3,050–2,550 8,740

F

940

3,240
3,050–2,180 2,575

2,750–2,420

S

1,095

S
F

3,0502480

F

3,050

2,680–2,250 2,580

F

S

3,200
3,200
2,550–1,140 8,045

S
S
F

2,950–1,700 3,825

F

Vent
length
(m)

Max.-min.
vent
altitude
(m a.s.I.)

Type
of
eruption

150;165

65;155

75;90

105;110

190;195

185;200

355;330;
320

130;100;
65

Azimuth
()

Fractures

22

192

12

6

12

33

Time
of
propagation
(h)

0.04

0.01

0.06

0.05

0.06

0.07

Mean
speed
of
propagation
(m/s)

Max.
width
of the
fractures
field
(m)

1.3
0.8

3
8.75

8.00

1.3
5.00

3.50

3.80

3

7.50

4
2
7.50

6.00

Max.
length
(km)

0.18
0.4

0.73
7.6

6.4

0.16
6.5

0.9

2.7

1.3

6

0.33
0.03
7.4

2.5

Area
covered
(106 m2)

Lava flows

0.53
2.36

2.15
250.00

38.40

1.00
60.00

0.80

30.00

10.00

100.00

0.99
0.18
30.00

7.50

Lava
volume
(106 m2)

1,152.24
1,154.60

901.71
1,151.71

899.56

801.16
861.16

800.16

799.36

769.36

759.36

629.18
629.36
659.36

628.19

Cumulate
lava
volume
(106 m2)

20

3

0.085

0.025

0.22

0.015

3.3

Pyrocl.
volume
(106 m2)

0.23
1.01

3.10
6.10

15.90

1.00
5.70

2.10

2.80

0.70

8.80

0.46
0.91
64.00

14.50

Mean
eruption
rate
(m3s1)
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5–10
1226.59
25.29
5.57
6.9
500
0.02

Mean
speed
of
propagation
(m/s)
150;110

165;195;
180;45

3,200–2,920
3,300

S–F–P 3,000–2,100 7,000

79

Time
of
propagation
(h)
Azimuth
()

Fractures

Vent
length
(m)

17/07/2001 09/08/2001 23

S–F
S
04/02/1999 14/11/1999 282
17/10/1999 05/11/1999 19

SE crater
Bocce
Nuova
SE crater,
southern
flank, VL

Max.-min.
vent
altitude
(m a.s.I.)
Type
of
eruption
Vent
location
Duration
(days)
End
Onset

Table 1 (continued)

12.15

1.94
4.30
1,184.60
1,201.30
30.00
16.70
1.35
3
2.8
4

Area
covered
(106 m2)
Max.
length
(km)
Max.
width
of the
fractures
field
(m)

Lava flows

Lava
volume
(106 m2)

Cumulate
lava
volume
(106 m2)

Pyrocl.
volume
(106 m2)

Mean
eruption
rate
(m3s1)
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At 00:20 GMT on 18 July, a fracture system opened at
2,100 m to the south of the Montagnola, feeding a lava
flow (vent 4 in Fig. 3). A set of N–S vents progressively
formed upslope, connecting with the previously formed
fault bordering the eastern Montagnola graben.
A further vent (5 in Fig. 4) formed at 17:00 GMT on
19 July, within the southern part of the graben, at Piano
del Lago (2,570 m), just north of the Montagnola. The
activity here began with the collapse of pit craters, which
became the site of intense phreatomagmatic activity
(Behncke and Neri 2003) and, 5 days later, of Strombolian and effusive activity. There is evidence of an
interdependence between the 2,100-m (vent 4) and the
2,570-m (vent 5) vents: the shift to Strombolian and
effusive activity at vent 5 corresponded to a drastic
decrease in the effusion rate at vent 4, with a reversal to a
higher effusion rate coinciding with the return to
phreatomagmatic activity at vent 5 after 1 August. Vents
4 and 5 were active for 23 days, extruding approximately
75% of the total volume of the erupted products and
feeding the longest single lava flow of the eruption.
On 20 July, a 1,800-m-long fissure developed at the
northern base of the SEC cone, propagating downslope
towards NE to 2,680 m (vent 6 in Fig. 4); here
Strombolian activity fed a lava flow for 10 days. The
fissure consisted of en-echelon tension fracture segments,
without vertical displacement and a total extension of 2 m
for each segment.
The magmas erupted from vents 4 and 5 (Montagnola
area) are less evolved than the rest of the erupted magmas.
They contain amphibole xenocrysts and xenoliths from
the sedimentary basement, suggesting rapid magma
uprise; petrochemical data suggest that these magmas
evolved within a closed system (Research Staff of the
INGV 2001). The magmas erupted from the radial dikes
propagating from the summit show a high porphyritic
index; these magmas experienced higher degrees of
differentiation, refilling and degassing in a nearly open
system, similar to the one which fed the summit craters
during the past few decades (Research Staff of the INGV
2001). Nevertheless, despite the different ascent histories,
the petrochemical data of the magmas erupted from vents
4 and 5 and from the radial dikes point to a common
parent magma, derived from the same deep source
(Research Staff of the INGV 2001).

Interpretation of the 2001 eruption
In summary, the 2001 eruption was characterized by a
peripheral graben (Montagnola) and two fissures radiating
from the summit. The formation of the Montagnola graben
and the onset of the related volcanism was preceded by
seismicity and elastic deformation (inflation of Montagnola
area). Seismic and geodetic data highlight the ascent of
magma beneath the Montagnola, mainly from 3,000 m to
+1,000 m, along a N-S trend. The emplacement of a ~N–S
dike at shallower levels (16 July) induced anelastic
deformation, such as the Montagnola graben (Fig. 6): the
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Fig. 4 Overview of the 2001
Etna eruption. The deformation
pattern developed during the
eruption is highlighted. Numbers refer to the chronology of
the vents

Fig. 5 View of the N–S-trending radial fissure propagating from
the summit crater towards south in the 2001 eruption (vent 3 in
Fig. 4 is on the right). The fissure is characterized by tension
fractures, normal faults and volcanic activity; their width is
indicated by the arrows

slightly different orientation (~NNE-SSW) of the graben
may have been partly controlled by the presence of the
nearby parallel Valle del Bove upper rim. Considering a
mean dip of 60 for the normal faults bordering the graben,
fracturing at surface possibly occurred when the dike was
~500 m below the Piano del Lago (2,570 m a.s.l.), at
~2,100 m. The formation of the vents at 2,100 m is
interpreted as being due to the intersection of the dike with
topography. The upslope propagation of volcanic activity
at vent 4 indicates the subsequent vertical (upward)
propagation of the dike. Its central part reached the surface
40 hours later at Piano del Lago. The extension measured
at the surface (including the openings of the fractures and
those related to the displacement of the normal faults)
suggests that the dike, at a depth of a few hundred of
meters, was at least 3 m wide.
The N–S (2, 3 and 7 in Fig. 4) and NE–SW (6 in Fig. 4)
fissures radiating from the SEC (summit conduit) were
characterized by fracturing and volcanic activity progressively migrating downslope. We interpret these as being
due to dikes radiating from the summit and transferring
magma laterally towards lower elevations. The fact that
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A model for the summit-lateral and peripheral 2001
Etna eruption
The lateral propagation of radial dikes transferring
magma from the summit to the flanks of the volcano
(Bousquet and Lanzafame 2001; Ferrari et al. 1991;
Garduo et al. 1997; Murray 1994; Murray and Pullen
1984; Neri et al. 1991) is the classical Etna eruption
“type,” as shown in Table 1. The emplacement of a
peripheral dike distinct from the summit system is a rare
event. In the past 100 years, this occurred during the 1974
eruption only (Bottari et al. 1975).
Volcanic activity related to the central conduit system
during the 2001 eruption occurred after the emplacement,
at very shallow levels, of the peripheral dike. Several
features exclude a shallow connection between the
summit and the peripheral magmatic systems during the
eruption: (1) the lack of seismicity in the area between the
Montagnola and the summit; (2) the lack of structural
evidence of a northward (towards the summit craters)
propagation of the peripheral dike; (3) the lack of any
correlation between the increase or decrease of the
volumes of erupted magma in the two magmatic systems.
Thus, two main mechanisms can be theoretically
invoked for the summit-lateral activity accompanying
the peripheral eruption:

Fig. 6 Interpretation of the eruptive systems developed during the
2001 eruption. The coeval activity of a summit (vents 1, 2, 3, 6 and
7) and a peripheral (vents 4 and 5) system is inferred

the fractured area is, in both the radial fissures, approximately a few tens of meters wide, suggests that the
propagating tip of the dikes, responsible for fracturing,
was shallow (less than a few tens of meters). In these
cases, the dikes did not reach the surface, possibly
because of the locally higher topography, which was not
reached by the upper tip of the propagating dike.
The 2001 Etna eruption was thus characterized by the
emplacement of a peripheral vertically propagating,
deeper dike (peripheral system) and two radial laterally
propagating, shallower dikes, fed by the central conduit
system (Fig. 6). The radial dikes and the Montagnola dike
showed differences in the surface deformation pattern,
depth of emplacement, direction of flow of magma,
extrusion rates, eruptive styles and the petrochemical
features of the erupted magmas. The intrusion at the
Montagnola is thus interpreted as peripheral magmatic
system, independent from the magmatic systems of the
central conduit system that fed the SEC and the two radial
dikes.

1. A variation of the stress field in the area of the summit
conduit (central conduit system) due to the emplacement of the peripheral dike. In this case the emplacement of the peripheral dike may have induced stress
perturbations at its along-strike tips (northern and
southern portions); this may have thus enhanced
fracturing in the previously open summit system,
filled with residual magma.
2. A connection between the summit and the peripheral
magmatic systems at deeper crustal levels (at least
below 3 km, which is the bottom depth of the main
hypocenter cluster during the seismic swarm). In this
case, the magma feeding the peripheral dike is
responsible for an increase in the magmatic pressure
at the bottom of the column of residual magma within
the summit conduit.
The extent of the stress perturbations induced at the
tips of the dikes is controlled, among various factors, by
the presence of mechanical anisotropies, such as rock
layers with different stiffness (Gudmundsson and Brenner
2001; Gudmundsson et al. 2002). However, studies on the
stress perturbations resulting from dikes or filled cracks in
anisotropic (e.g., Pollard and Aydin 1984; Rubin 1992)
and isotropic materials (Thorwarth and Dahm 2002) show
that the perturbed area extends along the strike of the dike
for no more than 20% of its length. These results are
consistent with results from analogue models of dike
emplacement in isotropic materials, showing that the
maximum extent of the along strike perturbation due to
diking is less than 21% of the length of the dike (Acocella
et al. 2002). Field and seismic data suggest that the
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Fig. 7 Proposed model, not to
scale, for the control on the
2001 Etna eruption. The rise of
the peripheral dike is interpreted to be the result of the
regional tectonic stresses acting
from depth to shallow levels.
Conversely, at the surface, the
extrusion of magma is mainly
controlled by the gravitational
stresses imposed by the load of
the volcano. Vertical scale is
approximate; horizontal scale
refers to surface

peripheral dike is ~2.5 km long; thus, its emplacement
may induced perturbations within ~0.6 km at its tips. The
2-km distance between the northern tip of the dike and the
summit does not support the hypothesis that the emplacement of the peripheral dike has modified the stress field
within the summit conduit, triggering an eruption. We
thus interpret the summit activity at Etna as being due to
the same deep input of magma, emplacing a peripheral
dike and triggering an eruption of “residual” magma
within the summit system. The extrusion of two different
types of magma, partly from an open conduit, over a
broad distance (more than 4 km) suggests that the 2001
eruption was directly fed by a large reservoir and not by
smaller, isolated and shallower magma batches. According to the most up-to-date study, the most likely and
significant magma reservoir possibly responsible for the
eruption lies at 10 km below sea level (Murru et al. 1999).
The 2001 Etna eruption shows that, even though the
summit magmatic system was open, a dike not related to
the summit system was emplaced across the flank of the
volcano. Three hypotheses may explain the emplacement
of the peripheral dike: (1) a peripheral input of magma,
which enhances a peripheral extrusion as compared to a
central one; (2) the control of gravitational stresses,
induced by the eastward sliding of the volcano; (3) a
regional tectonic control, which drains magma away from
the reservoir at depths between 10 and 3 km b.s.l.

Since the reservoir from which the erupted magma
possibly originated lies below the summit craters (Murru
et al. 1999), there is no reason to support a peripheral
input of magma from the reservoir; thus, the first
hypothesis seems unlikely. Deep (~5 km b.s.l.) dcollements have been inferred beneath Etna (Borgia et al.
1992); however, these are far much shallower than the
possible source of the extruded magma, at 10 km b.s.l.:
thus, the ascent of a ~N-S-trending peripheral batch of
magma between 10 and at least 5 km b.s.l. occurred at
deeper levels and independently from the activity of deep
gravitational stresses. These considerations thus suggest a
predominant tectonic control of N–S trending structures
on the rise of the magma responsible for the 2001 Etna
eruption. These N–S-trending structures may be related to
the regional systems forming the active N–S-trending
Malta escarpment. In this framework, regional tectonics
allows the rise of magma from the reservoir from deep
levels to shallower levels, permitting the development of
N–S-trending peripheral eruptions.
Nevertheless, despite the fact that regional tectonics
controlled the ascent of magma, the modalities of
fracturing and extrusion at surface were largely controlled
by a shallower stress field, related to gravitational stresses
as a consequence of the eastward slide of the volcano.
This is supported by the trend of the graben and the
location of the eruptive fissures fed by the central conduit
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system, which follow the paths of previous eruptive
fissures; the graben and the fissures are parallel to the
Valle del Bove upper rim and follow the trajectories of
minimum confinement due to the presence of the Valle
del Bove depression (Fig. 3). This fact is confirmed by
analogue models of deformations induced by the rise of
magma (Acocella et al. 2001); these suggest that the
fissures radiating from the summit are the result of the
intrusion of magma within the shallowest part of the
summit conduit, where a lack of confinement may be
present. The intrusions increase the volume of the upper
part of the summit, and, where confinement is lacking,
they create radial fractures subsequently intruded by
magma feeding the radial fissures.
We thus propose a model for the 2001 Etna eruption
where different stresses act at different crustal levels
(Fig. 7). We suggest that, at depth, the rise of magma
responsible for the 2001 Etna eruption was triggered and
controlled by N–S-trending regional systems; this permitted the emplacement of a ~N–S-trending peripheral
dike during the eruption. Nevertheless, gravitational
stresses at surface were responsible for the extrusion of
magma along the radial fissures fed by the summit
conduit.

Conclusions
The last century of activity at Etna is considered for
improving our understanding the dynamics of summit and
flank eruptions. Peripheral eruptions (flank eruptions
independent from the summit conduit) are very rare at
Etna and occurred in 1974 and 2001 only. The 2001
eruption showed both a summit-lateral eruption, feeding
two radial dikes, and a peripheral eruption, independent
from the summit system. Even though the summit and the
peripheral magmatic systems evolved independently at
shallow depths (<3 km b.s.l.), the collected data suggests
that a common magma from a deep reservoir rose through
the two systems. This induced the extrusion of residual
magma in the summit system and new magma in the
peripheral system. We review the different possible
causes triggering the eruption: among these, regional
structures are the most likely to have controlled the rise of
magma feeding the peripheral eruption. Gravitational
stresses predominate, instead, at the surface, controlling
the emplacement of the dikes radiating from the summit,
parallel to the Valle del Bove upper rim. In this
framework, long-term monitoring of the crustal deformations in the Etna area is an essential help to better define
the relationships between regional tectonics and flank
volcanic activity and thus to better understand the
modalities (duration, extrusion rates) of peripheral eruptions.
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