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Abstract

During the 2001 eruptive episode three different magmas were erupted on the southern flank of Mount Etna volcano from

distinct vent systems. Major and minor element chemistry of rocks and minerals shows that mixing occurred, and that the mixed

magma was erupted during the last eruptive phases.

The space–time integrated analysis of the eruption, supported by geophysical data, together with major and trace element

bulk chemistry (XRF, ICP-MS) and major and trace mineral chemistry (EPMA, LAM ICP-MS), support the following model:

1) trachybasaltic magma rises through a NNW–SSE trending structure, connected to the main open conduit system; 2) ascent of

an amphibole-bearing trachybasaltic magma from a 6 km deep eccentric reservoir through newly open N–S trending fractures;

3) just a few days following the eruption onset the two tectonic systems intersect at the Laghetto area; 4) at the Laghetto vent a

mixed magma is erupted.

Mixing occurred between the amphibole-bearing trachybasaltic magma and an inferred deep more basic end-member. The

most relevant aspect in the eruptive dynamics is that the eruption of the mixed magma at the Laghetto vent was highly explosive

due to volatile content in the magma. The gas phase formed, mainly because of the decreased volatile solubility due to rapid

fractures opening and increased T, related to mixing, and partially because of the amphibole breakdown.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Mount Etna (3340 m a.s.l.) is a composite volcano

(cf. Romano, 1982) along to the Ionian coast-line of
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eastern Sicily, Italy. Its activity started with eruptions

of tholeiitic lavas in the late-Pleistocene and evolved

into Na-alkaline products, having consistently in-

creased in the last 200 ka (Gillot et al., 1994; Romano,

1982). Lately, in particular during the last few centu-

ries, the Etnean activity has consisted in summit and

flank eruptions, prevailingly effusive, with strombo-

lian ejections, producing almost exclusively lapilli and
al Research 149 (2006) 139–159
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scoriae. Most of the flank eruptions of the past century

have occurred along regionally controlled fracture

systems, the NE–SW one on the north-eastern flank,

and the NNW–SSE trending lineaments on the south-

ern and south-eastern flank; here activity has been

particularly intense over the last two decades, concen-

trated at the recently formed (1971) South-East sum-

mit vent and at many parasitic vents, with

significantly increased frequency of eruptive episodes

and rates (Lo Giudice and Rasà, 1986; Acocella and

Neri, 2003).
Fig. 1. Sketch map of SE–PL and C–L fracture systems, vents and lava

dashed lines represent fissures buried by lava flows. SE–PL lavas are light

of the relative lava flow.
At first the 2001 eruption took place mainly in

the higher southern sector of Mt. Etna with vents in

the summit area at the South-East crater and south of

the Montagnola, down to 2100 m a.s.l., and later at the

Piano del Lago (Fig. 1). The eruption was preceded by

a large earthquake swarm a few days before its onset

and associated to relevant ground deformation and

fracture opening. The development of ground cracks

along with the hypocentral distribution pattern allowed

two distinct eruptive systems, simultaneously active to

be defined, trending NNW–SSE and N–S respectively,
flows of 2001 eruptive event. Solid lines represent visible fissures;

grey; EC–L and LC–L lavas are in black. All dates refer to the onset
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along with a third minor one directed NE–SW (Mon-

aco et al., 2005). Erupted lavas are mainly trachy-

basalts, with petrological and distinct compositional

characteristics, with reference to their vent sites and

times of eruption. The eruption produced on the

whole an estimated volume of about 25�106 m3

of lava and 7�106 m3 (DRE) of tephra (Behncke

and Neri, 2003; Clocchiatti et al., 2004; Lautze et al.,

2004). High explosivity, fracture fields with various

trends, and two distinct compositions of the erupted

magma led several authors to consider the 2001

eruption as among the most relevant of the last

few years. On the grounds of a detailed and tempo-

rally controlled sampling of lavas and tephra, this

paper points out that a relationship exists among

fracture systems, vent setting and magma composi-

tions, and gives evidence for the hypothesis that one

of the two magmas could have partially mixed with

a third one, not erupted as such, and finally relates

the observed changes of the eruptive behaviour to

the distinct magmas progressively involved in the

eruption.
2. Time evolution of the July–August 2001 eruptive

episode

The seismic and volcanological events have been

described in detail in reports by the INGV-Sezione di

Catania staff (www.ct.ingv.it) and in Behncke and

Neri (2003); only information strictly related to the

eruptive period is reported here in a summarized way

and integrated by personal field observations.

The eruption occurred between July 13th and Au-

gust 9th 2001 on the upper slopes of Mt. Etna (Fig. 1).

The first eruptive episode, lava fountaining at the

South-East crater (July 13th), was preceded by a

cluster of shallow earthquakes located with their foci

distributed between 1.5 km a.s.l and 2.0 km b.s.l.,

below the South-East crater area (Alparone et al.,

2004). The opening of fractures on the southern

slope of the volcano, between 2800 and 2000 m

a.s.l., eruptive at first at their lower end, was heralded

by a long-lasting seismic swarm, starting on July 12th,

with epicentres distributed along a NNW–SSE orient-

ed plane, at depths between 1.5 km a.s.l. and 4 km

b.s.l. (Privitera et al., 2001; Bonaccorso et al., 2002;

Patanè et al., 2002; Billi et al., 2003; Lanzafame et al.,
2003). The hypocentre distribution vs. time showed a

decreasing number of deeper events in the first two

days. Later on, from July 15th to 18th earthquakes

were concentrated only within the first 2 km below the

surface (Monaco et al., 2005).

On the basis of field observations, the fractures on

the southern flank of the volcano have been grouped

into two systems: an upper one, from the South-East

crater (3000 m a.s.l.) to Piano del Lago, named SE–

PL, and a lower one, from Calcarazzi (2100 m a.s.l.)

to the Laghetto area (2550 m a.s.l.), named C–L.

2.1. The South-East crater–Piano del Lago (SE–PL)

system

The eruption started at the South-East crater on

July 13th, with lava fountaining related to a little

lava flow. On July 13th and 14th, fractures developed

from north to south in the area of Piano del Lago

forming a NNW–SSE trending anastomized network

that reached the western margin of Valle del Bove

(Fig. 1). On July 17th an eruptive fissure, directed

NNW–SSE, which opened at the southern base of the

South-East crater, between 3040 and 2940 m a.s.l.,

with strombolian and effusive activity that resulted in

the formation of three aligned spatter spires and a

southerly directed lava flow. Ground fracturing prop-

agated downslope between 2900 and 2800 m a.s.l. and

formed a N160–1708 trending graben. The lowermost

end of this structure propagated in a N15–208 direc-

tion, and reached the Piano del Lago crack field at

about 2750 m a.s.l. Along this 600 m long fissure, two

groups of driblet cones developed at about 2780 and

2720 m a.s.l., while a well fed lava flow poured out

and expanded in a south-westerly direction down to

2000 m a.s.l.

The night between July 19th and 20th, activity

resumed at the South-East crater; a new set of NE–

SW trending fissures opened and the lowermost end

of this new fracture system shifted sharply eastwards,

where the fractures met the high relief of Rocca della

Valle. Lava was emitted from this elbow, at an eleva-

tion of 2680 m a.s.l., into the Valle del Leone, with a

low output rate (b2 m3/s; Behncke and Neri, 2003).

Finally, on July 23rd, a 100 m long NNW–SSE

fracture opened on the southern flank of the South-

East crater, and a small lava flow came out directed

eastwards to the Valle del Bove.

http:www.ct.ingv.it
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2.2. The Calcarazzi–Laghetto (C–L) system

During the night between July 17th and 18th, N–S

oriented ground fractures opened south of the Mon-

tagnola and west of Mt. Calcarazzi at about 2100 m

a.s.l.. Lava flows were emitted from the lowest por-

tion of these fractures, and advanced southward (Fig.

1). Lava crossed the main road to Nicolosi, and

flowed east of the Rifugio Sapienza, reaching its

lowest elevation (1035 m a.s.l.) seven days later.

In the meanwhile ground fracturing extended

northwards from the Calcarazzi area with an overall

length of about 1 km up to 2550 m a.s.l., at the

Laghetto area (north of the Montagnola). Here the

fractures met and intersected the SE–PL ones that

were extending southward. On July 21st, a pit crater

opened there and ejected mostly ash-laden steam and

abundant lithic tephra with spectacularly high thrust

columns (about 300 m above the edge of the pit

crater) and a convective plume, related to phreato-

magmatic explosive activity and conduit widening

(Coltelli et al., 2001; Taddeucci et al., 2002, 2004;

Behncke and Neri, 2003). Starting on July 24th, ash

and steam emissions evolved to a markedly magmatic

lava fountaining up to 500 m high. During a two-

week period a 120 m high cinder cone was formed

through explosive activity. Between July 26th and

31st lava flowed from the southern base of the new

cone down to about 2000 m a.s.l., and destroyed the

upper cable-car station and pillars (Calvari and Pin-

kerton, 2004).
Fig. 2. A) Abundant tabular plagioclase phenocrysts (up to 0.5 cm)

in a cryptocrystalline groundmass in SE–PL lava; phenocrysts of

clinopyroxene are subordinate and olivine is scarce. B) Clinopyr-

oxene and subordinate plagioclase, olivine and Ti-magnetite phe-

nocrysts are present in EC–L lava; the holocrystalline groundmass is

mainly composed of plagioclase microphenocrysts. C) Megacryst of

Mg-hastingsite in EC–L lava; a characteristic semi-opaque rim is

clearly evident. All photos are taken with parallel Nicols and have

the same scale bar.
3. Sampling and analytical methods

The various flow units were sampled in detail,

taking into account their succession in time and the

setting of their eruptive vents. A total of 26 rock

samples were collected; 9 samples from the base of

the South-East crater and the Belvedere lava flow,

related to the SE–PL system; 17 samples from lavas

emitted by the C–L system, subdivided into: 5 sam-

ples, close to the lowermost front of the lava flow,

representing the earlier lavas (EC–L), and 12 sam-

ples collected just before the end of the eruption at

the 2100 m vent and at the Laghetto cone, represent-

ing the late emitted products of the C–L system

(LC–L).
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Major element whole rock compositions were ana-

lysed by XRF on powder pellets, corrected for matrix

effects (Franzini et al., 1972), at the Dipartimento di

Scienze Geologiche, University of Catania; loss on

ignition (L.O.I.) was determined by gravimetric meth-

od. RE and minor element abundances were analysed

by ICP-MS at the SGS Laboratories, Canada.

Major elements in the mineral phases were ana-

lysed by means of a Philips SEM 515 scanning elec-

tron microscope (Dip.Te.Ris., University of Genoa)

equipped with an EDAX PV9100 spectrometer in the

energy dispersive mode, at 15 kV accelerating voltage

and 2.1 mA beam current.

Plagioclase cation values were normalized to 8 oxy-

gens and pyroxene atomic proportions were calculated

assuming stoichiometry and charge balance (Wood
Table 1

Selected major element concentrations in plagioclase phenocrysts at co

Sample 10.2A3 10.2A4 10.2A5 15.2A6

Location EC–L EC–L EC–L LC–L

Position CORE INT RIM CORE

SiO2 46.39 46.60 48.19 52.52

TiO2 0.14 0.13 0.10 0.13

Cr2O3 0.13 0.16 0.18 0.18

Al2O3 32.9 32.79 31.92 28.17

Fe2O3 0.36 / / 0.56

FeO 0.27 0.69 0.59 0.25

MnO / / 0.03 0.06

MgO / / / /

NiO / / 0.01 0.04

CaO 17.86 17.79 16.69 12.89

Na2O 1.30 1.01 1.71 3.97

K2O 0.21 0.22 0.30 0.53

Total 99.56 99.39 99.72 99.30

Si 2.152 2.171 2.228 2.412

Ti 0.005 0.005 0.004 0.005

Cr 0.005 0.006 0.007 0.007

Al 1.799 1.8 1.739 1.525

Fe3+ 0.013 / / 0.019

Fe2+ 0.01 0.027 0.023 0.01

Mn / / 0.001 0.002

Mg / / / /

Ni / / / 0.002

Ca 0.888 0.888 0.827 0.634

Na 0.117 0.091 0.153 0.354

K 0.012 0.013 0.018 0.031

Anorthite 87 90 83 62

Albite 12 9 15 35

Orthoclase 1 1 2 3
and Banno, 1973). Pyroxene nomenclature follows

the scheme of Morimoto et al. (1988), extended by

Rock (1990) to Na–Ca and Na–pyroxenes. The Ca-

amphibole was named after Leake et al. (1997), and its

A.U.F. was normalized to 13� (Ca+Na+K); Fe3+ was

computed in order to obtain a cation charge=46, and

Fe2+=Fetot�Fe3+; AlIV=8�Si, AlVI=Altot�AlIV.

Minor and trace elements for plagioclase, clinopyr-

oxene and amphibole were analyzed too by laser

ablation microprobe inductively coupled plasma

mass spectrometry (LAM ICP MS) at CNR-Diparti-

mento di Geoscienze e Georisorse, Pavia. The basic

setup of the instrument is described in Bottazzi et al.

(1999), with the most important modification consist-

ing in the adoption of a shorter laser wavelength (213

nm) resulting from mixing of the fundamental radia-
re, rim and middle spot (int) of EC–L, LC–L and SE–PL lavas

15.2A2 33.2A1 33.2A2 35.2A2 35.2A3

LC–L LC–L LC–L SE–PL SE–PL

RIM CORE INT CORE RIM

54.43 53.50 52.82 49.65 54.73

0.22 0.19 0.21 0.15 0.19

0.05 0.24 0.27 0.21 0.18

27.89 27.97 28.91 30.66 27.36

/ / / 0.62 0.86

0.75 0.8 0.77 0.27 /

0.07 0.08 0.10 0.01 0.05

0.14 / / / /

/ 0.13 0.30 0.08 /

12.09 12.47 13.63 15.57 11.36

3.63 4.06 3.45 2.57 5.16

0.72 0.64 0.62 0.40 0.63

99.99 100.10 101.10 100.20 100.50

2.49 2.439 2.394 2.278 2.467

0.008 0.007 0.007 0.005 0.006

0.002 0.009 0.01 0.008 0.006

1.503 1.503 1.544 1.658 1.453

/ / / 0.021 0.029

0.029 0.031 0.029 0.01 /

0.003 0.003 0.004 / 0.002

0.01 / / / /

/ 0.005 0.011 0.003 /

0.593 0.609 0.662 0.765 0.549

0.322 0.359 0.303 0.229 0.451

0.042 0.037 0.036 0.023 0.036

62 61 66 75 53

34 36 30 23 44

4 3 4 2 3



M. Viccaro et al. / Journal of Volcanology and Geothermal Research 149 (2006) 139–159144
tion (1064 nm) and the fourth harmonic radiation (266

nm) into a third harmonic generator (Jeffries et al.,

1998).
Fig. 3. Chondrite normalized (Anders and Ebihara, 1982) REE

patterns for plagioclase, clinopyroxene and Mg-hastingsite pheno-

crysts in C–L (filled circles: cores; empty circles: rims) and SE–PL

lavas (filled up-triangles: cores; filled down-triangles: rims).
4. Characteristics of the erupted rocks

4.1. Petrography and mineral chemistry

The SE–PL and C–L lavas show markedly distinct

textures and modal compositions.

4.1.1. SE–PL

SE–PL lavas are porphyritic (P.I. 30–40) with a

seriate texture; their phenocrysts occur in a generally

hypocrystalline groundmass (Fig. 2A) and are

strongly zoned plagioclase, augitic-clinopyroxene,

and olivine in volume ratios around 64%, 31%

and 5% respectively; Ti-magnetite and apatite are

found as accessory phases. The textural relations

among the phenocrysts suggest an early crystallization

of Ti-magnetite, olivine and plagioclase followed by

clinopyroxene.

Plagioclase phenocrysts are strongly zoned (An80
cores and An52 rims) with low Or (2–4 mol%)

(Table 1). FeOtot content is notable (0.61–0.93

wt.%), similar to that of other Etnean plagioclases,

and higher at phenocryst cores, probably related to

glassy microinclusions (sieve-texture).

The RE and other minor element analysis of two

plagioclase grains was carried out at their rims and

cores. The normalized REE patterns (Anders and Ebi-

hara, 1982) are very homogeneous, showing LREE en-

richment (RLREE ¼ 22; LaN /SmN=16) and marked

HREE fractionation (SmN/YbN=10) with Eu /Eu*=14

(Fig. 3; Table 2).

The spider diagram (Anders and Ebihara, 1982)

shows high BaN, LaN, SrN, TiN and ScN values, with

positive spikes for EuN, and negative ones for NbN,

ZrN and GdN (Fig. 4).

Clinopyroxene compositions fall in the augite field

at the boundary with diopside, typically representative

of alkali basalt pyroxenes, with a wide range of Al2O3

(3.9–6.9 wt.%) and SiO2 (47–50 wt.%) and Al slightly

in excess of Si+Al=2 (Table 3).

The Chondrite normalized REE patterns (Anders

and Ebihara, 1982) of 4 spot analyses come out as

highly homogeneous, with La less enriched than Sm



Table 2

Selected trace element concentrations in plagioclase phenocrysts at core, rim and middle spot (int) of EC–L, LC–L and SE–PL lavas

Sample 10.2A3 10.2A4 10.2A5 15.2A6 15.2A2 33.2A1 33.2A2 35.2A2 35.2A3

Location EC–L EC–L EC–L LC–L LC–L LC–L LC–L SE–PL SE–PL

Position CORE INT RIM CORE RIM CORE INT CORE RIM

Li / b0.39 b0.47 / 2 4 2 / /

Sc 2 3 2 2 4 4 4 1 1

V 1 1 1 1 3 5 8 2 2

Cr 2 b0.60 b0.74 / 3 b0.62 4 b1.52 /

Co 0.1 0.2 0.2 0.3 0.3 0.9 1.2 0.24 0.23

Sr 2182 2730 2711 1934 1830 2625 2154 1471 1494

Y 0.21 0.23 0.21 0.21 0.21 0.31 0.88 0.11 0.1

Zr 0.2 0.1 0.2 0.5 0.4 / / / /

Nb 0.03 0.2 0.2 0.01 0.3 0.2 0.2 0.3 0.3

Ba 130 92 117 211 309 324 306 240 2342

La 7.2 4.6 6.2 6.5 7.1 6.9 9.3 7.7 7.6

Ce 10.3 6.8 8.3 8.7 9.3 9.9 13.1 10.2 10.1

Pr 0.85 0.62 0.74 0.76 0.85 0.87 1.24 0.86 0.85

Nd 2.89 2.09 2.11 2.3 3.2 2.7 4.6 3.2 3.1

Sm 0.39 0.27 0.33 0.24 0.3 0.36 0.85 0.3 0.28

Eu 0.8 0.57 0.63 0.73 0.88 0.98 1.03 0.91 0.89

Gd 0.19 0.19 0.2 0.1 0.15 0.19 0.48 0.05 0.05

Tb 0.02 0.02 0.02 0.01 0.03 0.02 0.05 0.01 0.01

Dy 0.06 0.07 0.07 0.05 0.08 0.09 0.27 0.06 0.06

Ho 0.01 0.02 0.02 0.01 0.02 0.02 0.04 0.02 0.01

Er 0.02 0.02 0.01 0.01 0.03 0.03 0.06 0.01 0.01

Yb 0.02 0.01 0.01 0.01 b0.0204 0.03 0.04 0.01 0.01

Lu / b0.0020 b0.0032 / / b0.0033 0.01 0.01 0.01

Hf 0.02 b0.0088 0.01 0.02 0.03 b0.0133 0.15 0.04 0.04

Ta / b0.0031 0.01 0.01 0.02 0.05 0.09 0.02 0.02

Pb 1.41 0.77 0.95 0.95 1.4 1.1 1.7 0.66 0.66

Th 0.01 / 0.02 0.01 0.04 0.11 0.33 b0.0014 /

U / b0.0007 / 0.01 0.02 0.06 0.11 b0.0048 /
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and a strong HREE fractionation (SmN/YbN=5.28).

(Fig. 3; Table 4).

In the spider diagram (Anders and Ebihara, 1982),

the patterns are highly homogeneous with low values

of BaN, NbN, CrN, SrN, ZrN and TiN whereas ScN
exhibits a positive anomaly (Fig. 4).

Olivine is Fo76–70, with scarce tephroite and mon-

ticellite components. Fo values are consistent with the

range found by Clocchiatti et al. (2004) for olivine in

the 2001 lavas erupted from high elevation vents.

Ti-magnetite composition is about Mt 48 mol% and

Usp 52mol%. TiO2 andMgO contents are 13 wt.% and

4.7 wt.% respectively, with Al2O3 up to 6 wt.%.

4.1.2. C–L

In C–L lavas P.I. ranges between 10 and 20, with a

mesophyric seriate texture; phenocrysts are augitic
clinopyroxene (40–50 vol.%), plagioclase (35–45

vol.%), olivine (~5 vol.%), Ti-magnetite (~3 vol.%)

and Ca-amphibole (up to 6 vol.%) (Fig. 2B–C). The

amphibole is megacrystic (up 10 cm long) and poiki-

litic, mainly enclosing plagioclase and clinopyroxene.

Amphibole crystals are characteristically rimmed by a

semi-opaque envelope (~0.2 mm thick at maximum),

due to dehydration related to eruptive decompression

(cf. Clocchiatti and Tanguy, 2001). According to

Clocchiatti et al. (2004) these rims are made of a

mixture of fassäte, rhönite and anorthite with an in-

terstitial K-rich residual glass. Based on textural fea-

tures Ti-magnetite, olivine and plagioclase are the first

crystallized phases followed by clinopyroxene and

finally amphibole. Sieve-textures are frequently

found at plagioclase phenocryst cores. The holocrys-

talline groundmass is made up of clinopyroxene, pla-
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gioclase and olivine with Ti-magnetite and apatite as

accessory phases; the total absence of amphibole

microlites must be noted.
Fig. 4. Chondrite normalized (Anders and Ebihara, 1982) multi-

elements (incompatible and compatible) patterns for plagioclase,

clinopyroxene and Mg-hastingsite phenocrysts in C–L and SE–PL

lavas. For symbols see Fig. 3.
Plagioclase phenocrysts are relatively homoge-

neous (~An90), even when sieve-textures are devel-

oped (Table 1). A thin Na-enriched rim (An60) is very

often present and the average composition of ground-

mass plagioclase is An74. Its FeOtot content is rela-

tively high (0.54–1.1 wt.%).

RE and other minor element compositions have

been analyzed at cores and rims of 4 plagioclase

grains. The Chondrite normalized REE patterns

(Anders and Ebihara, 1982) of cores are homogeneous,

with the exception of one sample, and like those of

plagioclase cores in SE–PL rocks. LREE abundances

are higher at the cores (RLREE=19–29) than at the

rims (RLREE=14–21), whereas core and rim HREE

concentrations are similar (0.9–1.9 and 0.8–1.1 respec-

tively; Fig. 3; Table 2). NbN and ZrN values are lower

in C–L than in SE–PL plagioclase (Fig. 4).

Clinopyroxene is augite at the boundary with di-

opside. Crystals are weakly zoned, with the highest

Mg#=78; major elements distribution is comparable

with that of SE–PL clinopyroxenes (SiO2=45–51

wt.%; Al2O3=2.7–9.4 wt.%; Table 3).

The Chondrite normalized REE patterns (Anders

and Ebihara, 1982) for 12 spot analyses show homo-

geneous core compositions similar to those of SE–PL

(Fig. 3). At the rims a marked depletion of all REE,

Zr, and Y is observed (Fig. 4; Table 4); finally, Cr

contents are significantly higher (up to 2000 ppm)

than in the cores. These differences are not observed

in SE–PL pyroxene.

Amphibole is Mg-hastingsite (Leake et al., 1997;

Fig. 2C), differing from the kaersutite amphibole of

older Etnean volcanics (Klerkx, 1968; Cristofolini

and Lo Giudice, 1969; Cristofolini and Romano,

1982; Cristofolini et al., 1981, 1988); comparison

of the 2001 Mg-hastingsite with these kaersutites

revealed that the former has lower Na and slightly

higher K contents; furthermore, its TiO2 contents are

lower (~3 wt.%; Table 5), which might be related to

a late crystallization of Mg-hastingsite, preceded by

Ti-magnetite.

The Chondrite normalized patterns (Anders and

Ebihara, 1982) show REE fractionation (LaN /

YbN=4–5), relatively low La (17–23 ppm) and slightly

positive Eu anomaly (Eu /Eu*=1.06–1.26) (Fig. 3;

Table 6).

The spider diagram (Anders and Ebihara, 1982)

shows LILE slightly fractionated vs. HFSE, enriched



Table 3

Selected major element concentrations in clinopyroxene phenocrysts at core and rim of EC–L, LC–L and SE–PL lavas

Sample 5.2A1 5.2A4 10.2A1 10.2A3 33.2A1 33.2A2 34.2A1 34.2A2 35.2A1 35.2A3

Location EC–L EC–L EC–L EC–L LC–L LC–L LC–L LC–L SE–PL SE–PL

Position CORE RIM CORE RIM CORE RIM CORE CORE CORE RIM

SiO2 49.55 46.33 48.87 51.25 47.23 47.22 48.03 51.06 48.52 47.43

TiO2 1.18 1.98 1.17 0.95 1.17 1.25 1.19 0.72 1.39 1.77

Al2O3 4.46 7.47 5.35 2.69 6.70 7.66 5.93 3.17 5.18 6.78

Fe2O3 2.18 4.53 3.36 2.51 4.64 3.39 3.73 0.91 2.74 4.52

FeO 5.82 4.46 4.71 6.00 6.36 4.01 4.59 6.05 5.75 3.70

MnO 0.19 0.18 0.17 0.30 0.38 0.14 0.20 0.16 0.22 0.25

MgO 14.28 12.21 13.56 14.44 10.78 13.17 13.61 15.08 13.18 12.96

CaO 22.21 22.27 22.34 22.04 22.92 22.98 21.98 21.93 22.23 22.88

Na2O / 0.36 0.28 0.23 0.25 / 0.10 / 0.23 0.18

K2O 0.13 0.19 0.17 0.21 0.20 0.17 0.26 0.17 0.08 0.20

Total 100.00 99.98 99.98 100.62 100.63 99.99 99.62 99.25 99.52 100.67

Si 1.840 1.732 1.813 1.890 1.764 1.751 1.790 1.900 1.816 1.749

Ti 0.033 0.056 0.033 0.026 0.033 0.035 0.033 0.02 0.039 0.049

Al 0.195 0.329 0.234 0.117 0.295 0.335 0.261 0.139 0.229 0.295

Fe3+ 0.061 0.127 0.094 0.07 0.13 0.094 0.105 0.026 0.077 0.125

Fe2+ 0.181 0.139 0.146 0.185 0.199 0.124 0.143 0.188 0.18 0.114

Mn 0.006 0.006 0.005 0.009 0.012 0.004 0.006 0.005 0.007 0.008

Mg 0.79 0.68 0.75 0.794 0.6 0.728 0.756 0.836 0.735 0.712

Ca 0.884 0.892 0.888 0.871 0.917 0.913 0.878 0.874 0.891 0.904

Na / 0.026 0.02 0.016 0.018 / 0.007 / 0.017 0.013

K 0.006 0.009 0.008 0.01 0.01 0.008 0.012 0.008 0.004 0.009

AlIV 0.160 0.268 0.187 0.110 0.236 0.249 0.210 0.100 0.185 0.251

AlVI 0.035 0.061 0.047 0.007 0.059 0.086 0.051 0.039 0.044 0.044

Mg# 71 73 74 71 63 77 75 71 70 78

Wollastonite 0.378 0.34 0.367 0.394 0.357 0.349 0.351 0.397 0.373 0.351

Enstatite 0.395 0.34 0.375 0.399 0.307 0.364 0.379 0.418 0.368 0.364

Ferrosilite 0.09 0.07 0.073 0.093 0.099 0.062 0.072 0.094 0.09 0.057

Others 0.136 0.251 0.185 0.113 0.238 0.224 0.199 0.09 0.169 0.228
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Nb, negative anomalies for La and Zr, and very low

Cr abundance (Fig. 4).

Olivine is weakly zoned (Fo79–70), with negligible

tephroite and monticellite components. Its forsterite

contents are slightly higher than in SE–PL olivine, in

accordance with what was defined by Clocchiatti at al.

(2004; Fig. 4) for olivine in 2001 lavas.

Ti-magnetite is made up of Mt 47–65 mol% and

Usp 35–56 mol%. TiO2 and MgO contents are 12.2

wt.% and 3.4 wt.% respectively, with Al2O3 (4.8–5.8

wt.%) slightly lower than in SE–PL Ti-magnetite.

On the grounds of the time sequence and vents

location of the eruption, the C–L samples have been

grouped in Early C–L (EC–L) and Late C–L (LC–L)

showing slight but significant chemical differences

(see below). Phenocryst chemistry and modal propor-

tions in the two groups are, however, quite similar.
This can be explained considering that the distinction

between these groups developed after the phenocryst

phases were formed, involving only the residual

melt.

C–L lavas and tephra have also been characterized

by the frequent presence of quartzite xenoliths, with a

mosaic granular structure and interstitial silica-rich

glass (Corsaro et al., 2004).

4.2. SE–PL and C–L bulk rock compositions

The Total Alkali–Silica diagram shows that the

rocks from the 2001 eruption are plotted in the field

of the Etnean alkaline suite (Fig. 5A; Le Maitre,

1989). They are, however, less sodic than common

Etnean rocks, as shown by their K2O being higher

than (Na2O–2), by which they may be defined as



Table 4

Selected trace element concentrations in clinopyroxene phenocrysts at core and rim of EC–L, LC–L and SE–PL lavas

Sample 5.2A1 5.2A4 10.2A1 10.2A3 33.2A1 33.2A2 34.2A1 34.2A2 35.2A1 35.2A3

Location EC–L EC–L EC–L EC–L LC–L LC–L LC–L LC–L SE–PL SE–PL

Position CORE RIM CORE RIM CORE RIM CORE CORE CORE RIM

Li 0.5 0.8 5 14 0.7 0.3 1.2 1.9 1.3 1.3

Sc 101 68 105 113 142 114 66 66 91 90

V 281 271 339 376 352 324 268 277 322 318

Cr 147 82 20 100 756 519 34 48 12 10

Co 39 40 39 41 42 41 42 42 42 41

Sr 128 131 129 144 116.3 122 117 137 131 128

Y 25.6 16.3 28 28 18.52 13.07 23 25 24 22

Zr 90 61 122 111 95.97 51.87 81 96 96 93

Nb 0.81 0.43 0.8 0.7 0.8 0.37 0.62 0.76 0.65 0.62

Ba 0.09 0.13 0.12 / 0.16 0.05 0.11 0.064 0.078 0.08

La 12.1 5.8 14.8 14.4 8.14 4.8 9.7 10 13.2 12.9

Ce 41.4 20.3 48.4 48.6 29.36 17.59 35.5 37 46.5 46.1

Pr 6.4 3.6 7.5 7.5 4.89 3.04 5.9 6.2 7.3 7.1

Nd 33.4 19 36.5 36.8 25.95 16.84 30.3 31.9 36.8 35.9

Sm 8.2 5.1 9.4 9.5 7.16 4.85 8 8.2 9.4 9.1

Eu 2.56 1.69 2.9 3.2 2.43 1.72 2.6 2.71 3 2.9

Gd 6.6 4.1 7.7 8.1 6.35 4.14 6.4 6.8 7.8 7.6

Tb 0.96 0.68 1.2 1.27 0.99 0.64 1.03 1.03 1.18 1.15

Dy 5.0 3.5 5.8 6.4 4.98 3.3 5.1 5.3 6.0 5.8

Ho 0.87 0.6 1.07 1.11 0.92 0.61 0.97 0.99 1.09 1.04

Er 1.91 1.4 2.42 2.48 1.97 1.26 2.23 2.16 2.29 2.26

Tm 0.25 0.18 0.32 0.33 0.26 0.17 0.3 0.29 0.32 0.3

Yb 1.64 1.04 2.07 2.07 1.62 0.98 1.84 1.86 1.9 1.7

Lu 0.23 0.14 0.29 0.29 0.22 0.13 0.23 0.25 0.27 0.25

Hf 2.8 2.1 4.1 4.2 4.23 2.19 2.9 3.2 3.6 3.3

Ta 0.09 0.07 0.11 0.13 0.16 0.06 0.1 0.11 0.11 0.1

Pb 0.08 0.06 0.09 0.09 0.04 0.04 0.08 0.09 0.11 0.1

Th 0.15 0.074 0.17 0.18 0.16 0.06 0.12 0.12 0.16 0.14

U 0.021 0.013 0.028 0.021 0.02 0.01 0.02 0.021 0.022 0.019
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mildly potassic (Fig. 5B; Le Maitre, 1989). On the

whole, the rocks are then potassic trachybasalts, ex-

cept for two C–L samples, with Alk b5%, erupted at

the 2100 m vent of the C–L system, that may be

defined as basalts (Table 7).

The primordial mantle (Wood et al., 1979) nor-

malized spider diagrams confirm that minor element

compositions of the sampled rocks are generally

consistent to those of the basic members of the

Etnean alkaline sequence. In detail, they are interme-

diate between the within plate basalts (WPB) and

calc-alkaline basalts (CAB), as defined by Sun

(1980) and Pearce (1982). Elements such as Rb,

Ba, Th, U and K are enriched in the Etnean rocks

compared to the average WPB, whereas Ta, Ti and

Nb are less abundant than in common WPB, there-

fore partly recalling a CAB pattern.
Chondrite normalized (Anders and Ebihara, 1982)

REE patterns are markedly homogeneous, with a clear

overall fractionation (LaN /YbN=15–17), and little

negative Eu anomaly (EuN /Eu*=0.89–0.98); LREE

are more fractionated than HREE (LaN /SmN=3.6–

4.0; GdN /YbN=2.7–3.1). On the whole, the pattern

is similar to that of the Etnean alkaline suite (Cristo-

folini et al., 1981, 1984, 1988, 1991; Barbieri et al.,

1993; Corsaro and Cristofolini, 1993, 1996; Tanguy et

al., 1997) (Table 8).

In spite of their petrographic differences, SE–PL

and C–L rocks show an overall limited variability in

major and minor element concentrations, with SiO2

contents in the range 49–51 wt.%. A careful exami-

nation of their variation patterns, however, points out

regular changes of the sampled rocks, related to space

and time. In particular, the EC–L ones are slightly



Table 5

Selected major element concentrations in Mg-hastingsite pheno-

crysts in EC–L and LC–L lavas

Sample 5.2A1 17.2A2

Location EC–L LC–L

SiO2 41.77 41.55

TiO2 3.04 3.14

Cr2O3 0.21 0.16

Al2O3 13.50 13.26

FeO 11.42 11.54

MnO 0.23 0.26

MgO 13.73 13.45

NiO / 0.09

CaO 11.98 11.85

Na2O 1.69 1.46

K2O 0.87 0.95

Total 98.44 97.71

Si 5.835 5.854

Ti 0.319 0.333

Cr 0.023 0.018

Al 2.222 2.202

Fe2+ 1.334 1.360

Mn 0.027 0.031

Mg 2.859 2.824

Ni / 0.01

Ca 1.793 1.789

Na 0.458 0.399

K 0.155 0.171

OH 2 2

Table 6

Selected trace element concentrations in Mg-hastingsite phenocrysts

in EC–L and LC–L lavas

Sample 5.2A1 17.2A2

Location EC–L LC–L

Li 21 4

Sc 61 55

V 484 550

Cr 4 16

Co 59 67

Rb 3.2 3

Sr 699 605

Y 34 37

Zr 102 115

Nb 44 55
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more acid and very homogeneous in their composi-

tions, compared to the LC–L lavas, which are more

basic and heterogeneous, resembling the SE–PL lavas

(Figs. 6 and 7).

Ba 391 340

La 20.8 22.5

Ce 74.4 81.3

Pr 10.8 12.2

Nd 52.5 61.7

Sm 12 14.4

Eu 4.3 4.7

Gd 10.1 11.2

Tb 1.55 1.82

Dy 7.7 8.8

Ho 1.37 1.73

Er 3.1 3.6

Tm 0.4 0.5

Yb 2.64 3

Lu 0.3 0.42

Hf 3.6 4.1

Ta 1.7 1.8

Pb 0.66 0.66

Th 0.23 0.21

U 0.048 0.054
5. Discussion

5.1. Erupted magmas

Simultaneous eruptions from distinct vents are not

rare in the historical records on Mount Etna. Typically

bbi-radialQ adventive eruptions are cases in which

magmas rise through the main conduit system to be

drained along radial or rift structures only at a shallow

level (Romano and Sturiale, 1982). The 2001 erup-

tion, however, occurred within the same narrow sector

on the southern flank of the volcano and data show

that three distinct magmas were involved: i) the SE–

PL magma that erupted from NNW–SSE trending

fractures on the high southern flank (2650–3100 m
a.s.l.) of the volcanic edifice; ii) the EC–L magma

erupted at lower elevations (2100 m a.s.l.) on the same

flank from N–S trending fractures; iii) the slightly

different LC–L magma, erupted later from vents at

intermediate elevation (2550 m a.s.l.).

All of them are mildly potassic trachybasalts and

their plagioclase and clinopyroxene cores have the

same REE and minor element contents, supporting

the idea of their cognate origin, but appear as frac-

tionated from parent basalts under different physical

conditions. SE–PL lavas are porphyritic (P.I. 30–40)

with prevailing plagioclase, whereas EC–L and LC–L

lavas are mesophyric (P.I. 10–20) with plagioclase and

augite in similar amounts and up to 6 vol.% of Mg-

hastingsite among the phenocrysts.



Fig. 5. A) Total Alkali vs. Silica (TAS) diagram (Le Maitre, 1989);

SE–PL lavas are distributed at the basalt–trachybasalt boundary,

whereas EC–L markedly fall in the trachybasalt field near to tra-

chyandesite field; LC–L lavas are aligned between the two groups. B)

Na2O vs. K2O (wt.%) diagram (LeMaitre, 1989); SE–PL rocks fall in

the potassic field; EC–L show a distinctly more sodic character; LC–

L lavas appear as intermediate between the two groups. Symbols

same as in Fig. 3.
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SE–PL features are consistent with those of the

Etnean rocks of summit and subterminal activity in

the last few decades. Here, magma differentiation is

driven by polybaric crystallization of plagioclase/mafic

phases, mostly controlled by gas migration and selec-

tive fractionation. The steady degassing conditions in

an open and repeatedly filled conduit, prevent the

partial pressure increase and allow a concentration

gradient of the volatile components above the satura-

tion level. In these conditions, fractionation effects are

compensated by continuous magma input from depth.

Large rhythmically zoned plagioclase crystals, abun-

dantly found on Etnean lavas, are typically produced in

such a dynamic degassing system (cf. Cashman, 1990;

Higgins and Roberge, 2003; Couch et al., 2003a,b).

In EC–L and LC–L volcanics the presence of

Mg-hastingsite phenocrysts and An-enriched plagio-
clase rims is evidence for high volatile pressure

within a closed system. Dehydration rims of pheno-

crysts are related to decompression and consequent

volatile loss immediately preceding and during the

eruption.

The outer rims of plagioclase and clinopyroxene

in SE–PL lavas preserve compositions similar to the

cores; conversely, clinopyroxene and plagioclase

phenocrysts in EC–L and LC–L products are

rimmed by envelopes that are significantly depleted

in RE and other minor elements. This suggests that,

after the core nucleation, physical conditions con-

trolling the crystallization must have changed. A

plausible hypothesis is that this occurred due to

the onset of a new phase with higher distribution

coefficients (KD) for REE than clinopyroxene: pet-

rographic evidence strongly suggests Mg-hastingsite

as this new phase.

The presence of amphibole sets some constraints

on P–T conditions in the C–L magma batch. An

interesting analogue is provided by some experimen-

tal results (Foden and Green, 1992; Holloway and

Blank, 1994; Rutherford and Devine, 2003) showing

Mg-hastingsite coexisting with a high- alumina basalt

melt at T ~980 8C, for Ptot =PH20=0.2 GPa.

This pressure may be inferred at a depth of about 6

km, where the C–L magma may be assumed to have

resided in accord with the deepest hypocentres (Mon-

aco et al., 2005). The crystallization of Mg-hastingsite

would therefore require an equilibrium T ~980 8C,
lower than the commonly measured T in most of the

Etnean lavas (cf. Pompilio et al., 1998).

5.2. Deep basic end-member

LC–L rocks sampled at the Laghetto vent, are

chemically distinct from the EC–L ones which

erupted at the Calcarazzi area. LC–L products are

plotted along a tie-line between the average com-

position of EC–L lavas and a hypothetical deep

basic magma (DBM), not erupted in the 2001

event, which should have risen, relatively unde-

gassed, through a system that was independent

from the main conduit (Figs. 6–8; Table 7). The

DBM major and minor composition has been esti-

mated as similar to the average of the oligophyric

trachybasalts, considered to be among the least

differentiated Etnean alkaline rocks (Armienti et



Table 7

Major element compositions (water free) of some representative EC–L, LC–L and SE–PL lavas; the composition of the hypothetical DBM has

also been reported

Sample 1EC–L 5EC–L 6LC–L 10LC–L 17LC–L 1SE–PL 3SE–PL DBM

SiO2 50.26 50.67 49.35 49.62 49.06 49.38 49.48 47.92

TiO2 1.46 1.36 1.60 1.46 1.62 1.66 1.68 1.80

Al2O3 16.92 17.28 16.82 17.15 16.14 16.84 16.58 15.80

Fe2O3 9.49 8.67 10.29 9.32 10.86 10.49 10.65 11.50

MgO 5.63 5.61 5.75 5.69 6.44 5.34 5.25 7.00

MnO 0.17 0.16 0.18 0.17 0.19 0.19 0.19 0.18

CaO 9.78 9.67 10.52 10.16 10.41 10.55 10.70 11.30

Na2O 3.73 3.96 3.15 3.84 2.97 3.09 3.03 2.70

K2O 2.03 2.07 1.91 2.05 1.89 2.02 2.00 1.50

P2O5 0.53 0.53 0.44 0.53 0.43 0.44 0.44 0.30

Mg# 50 48 51 50 52 45 44 /

Table 8

Trace element data of some representative EC–L, LC–L and SE–PL lavas

Sample 1EC–L 5EC–L 6LC–L 10LC–L 17LC–L 1SE–PL 3SE–PL

Ba 568 583 549 586 531 601 596

Ce 108 111 103 111 101 111 109

Co 35.3 36.7 37.1 37.8 39.5 34.6 34.2

Cr 38 35 37 40 36 28 25

Cu 118 116 128 146 125 136 125

Dy 5.33 5.29 5.14 5.73 5.08 5.46 5.31

Er 2.45 2.63 2.65 2.64 2.44 2.61 2.65

Eu 2.54 2.81 2.57 2.85 2.66 2.76 2.73

Ga 19 20 20 21 19 20 19

Gd 8.09 8.37 8.16 8.57 8.01 8.33 8.24

Hf 5 5 5 5 5 5 5

Ho 0.96 1.03 0.97 1.04 0.97 0.99 1.01

La 55.4 57.1 52.1 56.5 51.6 56.6 56.0

Lu 0.31 0.35 0.32 0.33 0.31 0.31 0.32

Nb 42 44 40 42 39 43 43

Nd 46.4 48.0 44.6 48.4 44 47.1 47.5

Ni 32 32 32 40 42 33 26

Pr 12.0 12.6 11.6 12.6 11.6 12.5 12.4

Rb 46.1 48.0 46.6 49.3 45.5 46.2 47.2

Sc 26 26 27 27 28 25 25

Sm 9.0 9.1 8.5 9.3 8.5 9.3 9.1

Sr 1060 1100 1070 1110 1030 1120 1110

Ta 2.4 2.5 2.2 2.3 2.3 2.4 2.4

Tb 1.09 1.14 1.12 1.16 1.07 1.10 1.11

Th 8.6 8.6 7.8 8.5 7.9 8.3 8.3

Tm 0.35 0.35 0.32 0.38 0.33 0.34 0.36

U 2.21 2.32 2.05 2.15 2.01 2.19 2.18

V 282 294 295 310 291 291 293

Y 24.5 25.4 25.0 26.4 24.4 25.4 25.5

Yb 2.1 2.3 2.2 2.3 2.1 2.3 2.2

Zn 83 85 86 90 84 88 85

Zr 199 203 187 201 186 198 207
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Fig. 6. Selected major elements abundances (wt.%) vs. SiO2 (wt.%). Three groups of samples, erupted at different vents, Early C–L, Late C–L

and SE–PL lavas, have distinct features (See Discussion in the text). LC–L lavas clearly differ from EC–L lavas. The most mafic members of the

LC–L group are plotted along a line (tie-line 1) connecting the EC–L lavas and an inferred Deep Basic Magma (DBM), which is consistent with

mixing of the two end members. Other LC–L lavas shift toward the SE–PL field, possibly due to a limited mixing with the SE–PL magma at the

intersection of the two fracture systems near to the surface. Symbols same as in Fig. 3.

M. Viccaro et al. / Journal of Volcanology and Geothermal Research 149 (2006) 139–159152
al., 1988, 1989), whose major element composition

could also be quantitatively obtained by subtracting

~10% of solid phases, mainly clinopyroxene+Ti-

magnetite, olivine and plagioclase from DBM

(XLFRAC).

According to Treuil and Joron (1975; Fig. 8A–B)

the LC–L compositions may not be related to the

DBM and EC–L ones by crystal fractionation. Fur-

thermore the actual alignment may not be accounted

for by different degrees of partial melting, because the

C–L compositions do not represent primary melts

(Mg#b56; SiO2N49 wt.%). The tie-line trend could

then be related to mixing varying proportions of the

EC–L end-member with DBM.
The presence of a primitive and volatile enriched

magma like DBM, characterized by the fractionation of

hyperstene within the feeding system of 2001 event,

has also been inferred by Clocchiatti et al. (2004). A

DBM temperature of ~1150 8C was obtained using the

regression curves from data on glasses of Etnean

hawaiites and alkali basalts (cf. Pinkerton and Norton,

1995; Pompilio et al., 1998).

5.3. Modelling the magma mixing

As suggested above, mixing occurred between the

Mg-hastingsite-bearing magma (C–L), residing in a

closed batch, and an inferred DBM, whereas the SE–



Fig. 7. Selected incompatible (La, Ba, U) and compatible (Ni) trace elements abundances (ppm) vs. SiO2 (wt.%) for Early C–L, Late C–L and

SE–PL lavas. Distribution patterns are similar to those shown by major elements. See Fig. 3 for symbols.
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PL magma should have played no significant role in

the mixing process, as suggested by the marked dif-

ferences between the textures and mafic to salic phe-

nocryst ratios of LC–L and SE–PL. However, the

alignment of data points of LC–L lavas toward the

SE–PL field (Figs. 6 and 7) suggests that a modest

interaction might have occurred.

Mixing had to occur at the level of the C–L batch,

immediately before and/or during the start of C–L

magma ascent. It may also be inferred that after the

first seismic swarm (July 17th) DBM rose up, inter-

sected the batch and uprise system of the C–L

magma, and partially mixed with it. Mixing between

the relatively cool C–L magma (Tequil of Mg-hasting-

site ~980 8C) and the hotter DBM (T ~1150 8C) set
off a limited heat transfer (see Appendix). The in-
creased T of the mixed LC–L magma must have

lowered the volatile solubility, increasing the gas ex-

solution rate and enhancing the amphibole breakdown

(cf. Johnson et al., 1994; Lange, 1994). The physical

disturbance originated by DBM entering the C–L

shallow reservoir probably contributed in easing the

gas exsolution.

The LC–L magma supplied a significant amount

of gas, characterizing then the dynamics of the

eruptive activity at the Laghetto vent, which was

on the whole highly explosive. The very first erup-

tive phase at the Laghetto vent was dominantly

phreato-magmatic, as expected considering the pres-

ence of shallow groundwater reservoirs (Coltelli et

al., 2001; Taddeucci et al., 2002, 2004; Behncke

and Neri, 2003). The explosive activity at the



Fig. 8. Nb /Y vs. Nb and Tb vs. Ta diagrams (Treuil and Joron,

1975). See Discussion in the text. Symbols same as in Fig. 3.
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Laghetto vent, however, went on after the phreato-

magmatic phase with the involvement of merely

magmatic juvenile gases (Clocchiatti et al., 2004),

with an explosivity index higher than 30%, which is

quite uncommon for the historically recorded Etnean

activity (cf. Romano and Sturiale, 1982; Busà et al.,

1997). The continued eruption of lavas with EC–L

compositions, from the lower vent, at the Calcarazzi

area, was mostly effusive and produced a consider-

ably lower amount of tephra. This makes it likely

that the main reason for the explosive eruptive

behaviour at the Laghetto vent might be related to

the efficient degassing resulting from the mixed

nature of the LC–L magma.

5.4. Interpreting the eruption course

The seismic swarm occurred between July 12th

and 15th affected the upper 6 km of the crust
beneath the summit craters. On July 13th the erup-

tion began with the first lava fountaining at the

South-East crater. The seismic swarm could be

related to an intense fracturing of the volcanic

edifice and its basement, which originated the de-

velopment of the SE–PL fissures, trending NNW–

SSE, at the surface (Fig. 9, phase 1).

From July 15th to 20th the earthquake hypocen-

tres, still concentrated within the upper 6 km of the

crust, shifted southwards underneath the Piano del

Lago and Calcarazzi areas. The seismic pattern was

characterized by a gradual disappearance of the

deeper seismic foci. This second seismic swarm

could be associated with the opening of C–L frac-

tures directed N–S at the surface, and produced the

sudden decompression of the C–L magma, residing

at depth. This gave rise to gas exsolution in the

magma, and triggered its ascent to the surface; the

associated disappearance of the deeper quakes may

be related to the progressive fracture filling by the

C–L magma. The eruption at the Calcarazzi area

started at the end of the seismic swarm during the

night of July 18th (Fig. 9, phase 2).

On July 21st the NNW–SSE trending SE–PL

fissure belt extended downslope to the Laghetto

area (Fig. 1) where it intersected the N–S oriented

C–L fractures, that in the meanwhile prolonged

northward from the Calcarazzi area. DBM proba-

bly rose up next to the surface at the southern

end of the NNW–SSE trending system and not

along the N–S system. This can be inferred by

the very fact that only EC–L lavas erupted from

the N–S oriented fracture system, whereas the

LC–L ones erupted where and when the two

SE–PL and C–L tectonic systems intersected. At

the intersection fractures grew then wider and

originated a pit crater where the mixed magma

LC–L explosively erupted (Fig. 9, phase 3). Mix-

ing of DBM with the original C–L magma should

have started at the level of the C–L batch; the

evolution of the seismic pattern does not indicate,

however, if mixing had occurred before or during

the shallow fracture opening. The timing and

space development of the eruption makes it clear

how the development of local tectonic phenomena

in the volcanic edifice and in the crust immedi-

ately underneath strongly controlled the eruptive

mechanisms.



Fig. 9. Cartoon of the evolution of the July–August 2001 eruption illustrating its three main phases: Phase 1) first seismic crisis, opening of

NNW–SSE oriented SE–PL fractures and eruption of SE–PL trachybasaltic magma at the South-East crater; Phase 2) second seismic crisis,

widening of the SE–PL fractures and eruption of trachybasaltic magma at Piano del Lago; opening of the N–S oriented fractures system and

eruption of the EC–L Mg-hastingsite-bearing magma at the 2100 m vent; interaction and mixing of DBM with the residing EC–L magma; small

arrows indicate the direction of the fractures expansion; Phase 3) SE–PL and C–L ground fracture systems intersect at the Laghetto area,

originating a pit crater, and the mixed LC–L magma is erupted with high explosivity.

M. Viccaro et al. / Journal of Volcanology and Geothermal Research 149 (2006) 139–159 155



M. Viccaro et al. / Journal of Volcanology and Geothermal Research 149 (2006) 139–159156
6. Conclusions

The 2001 eruptive event has been extensively

studied by many authors, who pointed out an

origin of the erupted products from distinct mag-

mas, as well as the abnormally large explosivity of

the eruptive phenomena. Great emphasis was also

put on the presence of amphibole megacrysts in

one type of the lavas, which was considered very

peculiar, and on the interpretation of the seismic

and tectonic behaviour. Relatively little attention

was paid in the understanding of the eruptive

dynamics and the relationship between different

magmas. Here, the eruptive evolution and the geo-

chemistry of the erupted products have been exam-

ined jointly.

The eruptive phenomena developed under the

control of the fast uprise, within a few days, of

distinct magmas (SE–PL and C–L) either through

the central feeding system and connected fractures

(directed NNW–SSE; 3040–2700 m a.s.l.), or newly

opened fractures (directed N–S; 2550–2100 m a.s.l.)

in the volcanic edifice and in the crust immediately

underneath.

Clear geochemical evidence supports the exis-

tence of a basic magma (DBM), which did not

erupt, but nevertheless rose through the NNW–

SSE fracture system next to its intersection with

the N–S one, and partly mixed with the amphi-

bole-bearing C–L magma within its batch. The

consequence of this has been important in enhanc-

ing the most intensely explosive phase during the

2001 event.

Mechanisms of the same kind have been extensive-

ly discussed in a great deal of references, mainly as a

proper eruptive trigger for stratovolcanoes with an-

desitic or more acid compositions. In most of the

studied cases this occurred when markedly different

members were involved (e.g. basaltic-andesitic input

into a rhyodacitic body) (Calderone et al., 1990;

Morrissey and Chouet, 1997; Snyder, 1997; Venezky

and Rutherford, 1997; Woods and Cardoso, 1997;

Folch and Marti, 1998; Hort, 1998; Linde and

Sacks, 1998; Murphy et al., 1998; Scaillet and

Evans, 1999; Leonard et al., 2002; Nakagawa et al.,

2002, Phillips and Woods, 2002; Thornber et al.,

2003). In the present instance both magmas have

basic compositions and the critical factors affecting
the eruptive mechanism are to be looked for among

the physico-chemical parameters: pressure, tempera-

ture, and volatile content and solubility in the melt.

This casts a new light for interpreting similar erup-

tions in bbasalticQ volcanoes and answering some

problems related to eruptions with uncommonly

high explosivity, even when only basic magmas are

involved.
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Appendix A. Magma mixing effects on the eruptive

dynamics

An assessment of heat transferred in the mixing

process may be found by computing the molar spe-

cific heat (Cp) for the components of the two involved

magmas (Table 7):

CpEC�L ¼ Ai viCpi;EC�L

CpDBM ¼ Ai viCpi;DBM

where vi is the molar fraction of the i component in

the melt and Cpi is the specific heat of the oxide i; Cp

values were calculated by the following equation

(Richet and Bottinga, 1985):

Cpmelt ¼ Ai vi K1i þ K2iT þ K3iT
�2

� �

where Kn,i are parameters for the calculation of heat

capacity in silicatic melts.
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The results are then:

CpEC�L ¼ 101 J=molK

CpDBM ¼ 105 J=molK

The enthalpic difference DHi for the two magmas –

found integrating between the reference temperature

Tr (298, 15 K standard status) and TEC–L – is:

DHEC�L ¼ CpEC�L TEC�L � Trð Þ ¼ 96KJ=mol

DHDBM ¼ CpDBM TDBM � Trð Þ ¼ 119KJ=mol

DHmixing ¼ DHDBM � DHEC�L ¼ 5KJ=mol

Some assumptions were made to perform the cal-

culations, the most relevant of which is that the in-

volved magmas were both completely molten; this is

obviously not true since their P.I. was at least 10–20,

according to the petrographic evidence. Although this

assumption could appear as unrealistic, it is however

to be considered that the crystallized phases do not

show significant reaction structures related to the

varied T and melt composition.

As heat transfers from higher to lower H systems,

mixing supplied heat to the original EC–L component,

increasing its T, because very little of this energy was

consumed by endothermic reactions (amphibole

breakdown, mineral resorption, etc.).

Provided that all of the heat produced in the mixing

process is used for increasing T of EC–L, and that the

molar ratio XEC–L /XDBM is not less than 3 (XEC–L=

0.75; XDBM=0.25; see Fig. 8), Tequil may be calculat-

ed by the Russel equation (1990) as:

Tequil ¼ XDBMCpDBM TDBMð Þ þ XEC�L CpEC�L TEC�Lð Þ
=XEC�L CpEC�L þ XDBMCpDBM

For TEC–L=1253 K and TDBM=1423 K the result-

ing Tequil is 1297 K (~1025 8C).
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