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Abstract During its 1800-year-long persistent activity

the Stromboli volcano has erupted a highly porphyritic

(HP) volatile-poor scoriaceous magma and a low por-

phyritic (LP) volatile-rich pumiceous magma. The HP

magma is erupted during normal Strombolian explosions

and lava effusions, while the LP one is related to more

energetic paroxysms. During the March–April 2003

explosive activity, Stromboli ejected two typologies of

juvenile glassy ashes, namely highly vesicular LP shards

and volatile-poor HP shards. Their textural and in situ

chemical characteristics are used to unravel mutual

relationships between HP and LP magmas, as well as

magma dynamics within the shallow plumbing system.

The mantle-normalized trace element patterns of both ash

types show the typical arc-lava pattern; however, HP

glasses possess incompatible element concentrations

higher than LP glasses, along with Sr and Eu negative

anomalies. HP shards are generally characterized by

higher Li contents (to *20 ppm) and lower d7Li values

(?1.2 to -3.8%) with respect to LP shards (Li contents of

7–14 ppm and d7Li ranging between ?4.6 and ?0.9%).

Fractional crystallization models based on major and trace

element compositions, combined with a degassing model

based on open-system Rayleigh distillation and on the

assumption that melt/fluidDLi [ 1, show that abundant

(*30%) plagioclase precipitation and variable degrees of

degassing can lead the more primitive LP magma to

evolve toward a differentiated (isotopically lighter) HP

magma ponding in the upper conduit and undergoing slow

continuous degassing-induced crystallization. This study

also evidences that in March 2003 Stromboli volcano

poured out a small early volume of LP magma that tra-

veled slower within the conduit with respect to later and

larger volumes of fast ascending LP magma erupted dur-

ing the April 5 paroxysm. The different ascent rates and

cooling rates of the two LP magma batches (i.e., pre- and

post-paroxysm) resulted in small, but detectable, differ-

ences in their chemical signatures. Finally, this study

highlights the high potential of in situ investigations of

juvenile glassy ashes in petrologic and geochemical

monitoring the volcanic activity and of Li isotopes as

tracers of degassing processes within the shallow plumb-

ing system.
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Introduction

Magma batches ascending from sources to the surface

through volcanic conduits undergo various processes at

distinct depth levels, such as fractional crystallization,

periodic magma recharging, magma mixing, interaction

with older crystal mush, crustal contamination, and

degassing. Magmatic processes taking place during magma

ascent and storage at shallow levels may result in complex

textural and compositional features of bulk rock samples,

thus making the origin and the evolutionary path of the

erupted magma difficult to be inferred. It is worth noting

that a proper understanding of eruptive dynamics and

magmatic processes that may occur within upper conduits

is a crucial target in monitoring active volcanoes. Recent

studies (e.g., Métrich and Rutherford 1998; Couch et al.

2003; Berlo et al. 2004; Blundy et al. 2006; Noguchi et al.

2006; Guilbaud et al. 2007; Piochi et al. 2008) stressed the

importance of the interplay between degassing and crys-

tallization and their link to eruptive style and magma

ascent rate. Other studies (Wolf and Eichelberger 1997;

Francalanci et al. 1999, 2005; Tepley et al. 2000; Landi

et al. 2004) shed light on mechanisms of magma mixing

between fresh reservoir-derived and conduit-resident

magmatic components that can be genetically related or

products of different sources. In these studies, different

petrological and geochemical approaches were used to

constrain changes in the physico-chemical condition of the

magma during its storage and transit prior to or during

eruption. Textural, compositional, and isotopic investiga-

tions of phenocryst assemblages, microlite groundmass and

glassy matrix of pyroclasts, and lava samples provide

insights into magmatic processes (e.g., Cashman 1992;

Corsaro and Pompilio 2004; Landi et al. 2004; Schiavi

et al. 2006; Guilbaud et al. 2007). Correlations between

vesicles and microlite textures help understand the fluid

mechanics of ascending magmas (e.g., Noguchi et al. 2006;

Lautze and Houghton 2007). Combined studies of bulk

rocks and phenocrysts-hosted melt inclusions help infer

magma dynamics in active volcanoes (e.g., Métrich et al.

2005; Blundy et al. 2006).

At Stromboli volcano relationships between magmas

that produce the highly vesicular, low-porphyritic pumices

(hereafter LP magma) and those producing highly por-

phyritic, dark-colored scoriae (hereafter HP magma)

erupted during its 1800-year-long persistent activity are at

present a matter of debate that involves several disciplines

(Bertagnini et al. 1999; Francalanci et al. 1999, 2004; Rosi

et al. 2000; Métrich et al. 2005). Since these two magmas

are strictly associated with dramatically different eruptive

styles (HP is erupted during the normal Strombolian

explosions and lava effusions, while LP is related to more

energetic paroxysms), the understanding of their

relationships would also contribute to improve monitoring

strategies and assessment of volcanic hazards. Recent

eruptions (2002–2003 and 2007) represent an excellent

case study to unravel origin and significance, and mutual

relationships between these two magmas, since a large

volume ([20 9 106 m3) of HP magma was erupted as lava

from subterminal vents in the Sciara del Fuoco, while LP

magmas were poured out during the two largest paroxysms

of the past 50 years (Métrich et al. 2005; Ripepe et al.

2005; Landi et al. 2006, 2009; Rosi et al. 2006). In addi-

tion, the multidisciplinary monitoring system that was

activated few days after the beginning of the 2002–2003

eruptive crisis allowed more detailed volcanological

observations accompanied by a systematic sampling of

eruptive products and by more massive collection of geo-

physical and geochemical signals. These efforts improved

significantly our capability of tracking magma dynamics

within this volcano. The evolution of the reservoir that

produced HP magma was monitored by systematic sam-

pling and analysis of erupted lava (Landi et al. 2006, 2009),

while the petrology of 2003 LP magma was studied by

Métrich et al. (2005).

In this paper we focus on products erupted before and

after the paroxysm that occurred on April 5, 2003, in order

to track the magmatic processes that occur in response to

changes in eruptive styles. We investigated both selected

lava samples and pumices erupted during the paroxysm as

representative of the main reservoir of HP magma and the

uprising LP magma, respectively. Moreover, we put special

emphasis on juvenile glassy ashes erupted from the summit

craters before and after the paroxysm as proxy of processes

that occur in the conduit just before and after large

explosive events. A similar approach was successfully

employed in several volcanoes to document the arrival of

fresh magma at very shallow level (Watanabe et al. 1999;

Cashman and Hoblitt 2004; Schiavi et al. 2006). We further

combine information from trace elements and lithium

isotopes to make inferences on geochemical signatures of

magmas feeding the present-day activity and their

variations as a consequence of crystal fractionation and

degassing during the melt ascent to the surface, and syn- or

post-emplacement processes (alteration, interaction with

hot hydrothermal or magmatic fluids).

Lithium is a fluid-mobile element, moderately incom-

patible in magmatic processes (Ryan and Langmuir 1987;

Brenan et al. 1998). Due to the large relative mass differ-

ence (*17%) between 6Li and 7Li, Li isotopes are largely

fractionated in terrestrial systems, mainly at relatively low

temperatures and during solid/fluid reactions (e.g., Chan

et al. 1992, 2002a; James et al. 2003; Wunder et al. 2006,

2007). By virtue of its properties, lithium represents a

potential geochemical tracer for a wide range of geological

processes (see Tomascak 2004 for a review), such as
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crust/mantle recycling at subduction zones and formation

of mantle inhomogeneities (e.g., Moriguti and Nakamura

1998a; Chan et al. 2002b; Tomascak et al. 2002; Zack et al.

2003; Elliott et al. 2004, 2006; Leeman et al. 2004;

Marschall et al. 2007; Halama et al. 2009), peridotite–melt

interaction and peridotite metasomatism (e.g., Jeffcoate

et al. 2007; Tang et al. 2007; Halama et al. 2009), and low-

temperature alteration (e.g., Chan et al. 1992, 2002a;

Rudnick et al. 2004; Teng et al. 2004). As for our purposes,

fractionation of Li isotopes in juvenile glassy ashes relative

to primary magma values may provide evidence about

volatile exsolution, separation from the melt and outgas-

sing, diffusion, and possible alteration or interaction with

hot fluids after the emplacement.

Finally, in this paper we check the consistency of

inferences on magma evolution and eruption dynamics of

present Stromboli from chemical investigations of juvenile

glassy ashes with evidence from studies of olivine-hosted

melt inclusions, bulk rocks and mineral chemistry (Fran-

calanci et al. 1999, 2004; Métrich et al. 2001; Bertagnini

et al. 2003; Landi et al. 2006).

Recent Stromboli eruptive activity: a petrologic

and volcanologic background

Stromboli is an active volcano placed on the convergent

margin between the European and African plates. It

belongs to the Aeolian arc, which is associated with recent

subduction of the Ionian Plate as indicated by an active

NW-dipping Benioff zone beneath the southern Tyrrhenian

Sea (e.g., Gasparini et al. 1982). Stromboli has been

erupting continuously with the present-day style for about

1800 years (Rosi et al. 2000), while its eruptive style

between 6 and 2 ky is still poorly known (see discussion in

Di Roberto et al. 2008 and Speranza et al. 2008). Its typical

activity, known as ‘‘Strombolian activity’’, consists of

mildly explosive jets, at variable intervals (*3–5 events

per hour), of hot gas, scoriaceous bombs and lapilli, blocks,

and ash from the summit crater vents interspersed by qui-

escent degassing with puffs and gas plumes. Effusive

eruptions, as lava overflows from summit crater or fed by

subterminal fissures, sometimes interrupt the normal

activity (e.g., Landi et al. 2006, 2009). Sudden transition

from the usual mild explosive activity to more violent,

though short (few minutes), explosive phases (paroxysms)

can also occur (Bertagnini et al. 1999, and references

therein). Paroxysms largely vary as for style and size of

products; these latter range from lapilli to meter-sized

spatter or ballistic blocks and can be limited to the whole

summit area or also blanket the lower flank of the edifice

down to the inhabited areas (Speranza et al. 2004; Rosi

et al. 2006).

Two magmas, shoshonitic to high-K basalts in compo-

sition, with sharply distinct physico-chemical characters are

resident in the Stromboli plumbing system. They interact,

mingle, and mix during ascent and eruption (e.g., Franca-

lanci et al. 1999, 2004, 2005; Landi et al. 2004). The highly

vesicular, low-porphyritic (phenocrysts \10 vol%) pumi-

ceous magma (LP) is considered the primitive volatile-rich

deep magma which feeds only paroxysms by rising very fast

to the surface from a depth of 7.5–11 km, corresponding to

a pressure range of 200–300 MPa (Bertagnini et al. 2008,

and references therein). The dark-colored, scoriaceous

magma (HP) represents a highly porphyritic (phenocrysts

*45–60 vol%), volatile-poor magma erupted by the nor-

mal Strombolian activity. The HP magma has been sup-

posed to reside at shallow level, probably \3 km beneath

the summit of the volcano, in a reservoir that in a steady

state undergoes continuous erupting, crystallizing (plagio-

clase and minor olivine ? clinopyroxene), and refilling by

the deeper LP magma (Francalanci et al. 2004; Di Carlo

et al. 2006; Landi et al. 2006). Assuming steady state

conditions, Francalanci et al. (1999) estimated, on the basis

of Sr isotope variations, relatively small (from 0.3 to

0.04 km3) volumes and relatively long residence times (ca.

19 years) for HP magma residing in the shallow plumbing

system. Burton et al. (2007) and Lautze and Houghton

(2007) calculated from degassing models residence times of

days or months in conduits (\250 m below summit).

Previous studies (Métrich et al. 2001; Bertagnini et al.

2003; Francalanci et al. 2004, 2005) showed that the LP

magma has a less evolved composition (i.e., lower

incompatible trace element contents) and higher volatile

contents than the HP magma. Moreover, the two magma

types show different mineral compositions. Both types of

magma have kept rather constant major and trace element

compositions in the last 1400–1800 years, which implies

steady state conditions and no significant changes in

mechanisms of differentiation. A small but significant

difference between the LP and the HP magma has been

observed also in terms of strontium isotope ratios (87Sr/86Sr

0.70610 vs. 0.70625; Francalanci et al. 1999, 2005) only in

products of recent years (after AD 1980), leading the

authors to propose that the two kinds of magma have dif-

ferent sources. Regardless of possible different sources,

Métrich et al. (2001) recognized within olivine-hosted melt

inclusions the presence of primitive melts not yet identified

as erupted magmas. These melts most likely represent the

parent magma of LP pumices and shards. Métrich et al.

(2001) proposed that the degassed crystal-rich magma

results from the crystallization, driven by decompression

and water loss, of volatile-rich LP magma batches which

periodically ascend and refill the shallow part of a verti-

cally elongated conduit (dike-like system) and partially

mix with the crystal-rich body. Mingling and mixing
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between LP and HP magmas has been interpreted as one of

the main pre- and syn-eruptive processes that control

petrography, textures, and zoning of phenocrysts and in

general the magmatic evolution of Stromboli present-day

products (Francalanci et al. 1999, 2004; Landi et al. 2004,

2006, 2008, 2009; Andronico et al. 2009).

The most important eruption in the past decades

occurred between December 28, 2002, and July 22, 2003.

This eruption had a complex evolution (see Landi et al.

2006) that comprised the following: (1) the onset of effu-

sive eruption from a vent on the upper NE side of the

Sciara del Fuoco, followed by a fast draining of the summit

portion of conduits and cessation of the Strombolian

activity, (2) the formation of landslides on the Sciara del

Fuoco that caused a tsunami event, (3) the development of

a 107 m3 compound lava flow from a complex fissure

system on the NW upper flank of the volcano, (4) the

longest interruption of the summit Strombolian explosions

in recent times (from the end of December 2002 to the

beginning of May 2003), and (5) the strongest paroxysm of

the last decades that ejected meter-sized blocks up

Stromboli and Ginostra villages. It is noteworthy that,

though Strombolian explosions were not visible before the

paroxysm and until May, the location of very-long-period

(VLP signals) seismicity, most likely produced by the

ascent and associated rapid expansion of large gas slugs

within the magma column, remained stable, confined to a

zone of 250 m below the summit craters, before during and

after the effusive eruption (Ripepe et al. 2005). In addition,

repeated episodes of ash emissions and an inversion of the

subsidence trend were observed since the beginning of

March on the summit area as result of the progressive rise

and accumulation of magma within the conduits (Puglisi

et al. 2005). All the effusive products are HP (Landi et al.

2006), whereas HP and LP coexist sometimes deeply

mingled even at the microscopic scale in the products of

the April 5 paroxysm (Métrich et al. 2005).

Sampling and analytical methods

Sample description

The collected sample suite includes four pre-paroxysm ash

samples that were erupted in March 2003 (STR08-03-2003,

STR27-03-2003A, STR27-03-2003B, STR29-03-2003C)

and two post-paroxysm ash samples that were ejected in

April 2003 (STR10-04-2003A, STR10-04-2003B). The

sample that was erupted on March 8 (STR08-03-2003)

represents the first ash ejected from summit craters since

the onset of effusive activity on December 28, 2002, and

the first available for sampling. At the microscopic scale

samples consist of various components (in order of abun-

dance): blocky (grayish to reddish) lithic clasts, crystals

(plagioclase, clinopyroxene and olivine), and glass shards.

Among the glass shard components, amber to dark brown,

poorly vesicular clasts are always found (Fig. 1a, c), but,

interestingly, only two samples (STR08-03-2003 and

Fig. 1 Optical microscope and

backscattered (BSE, Scanning

electron microscope S-3100H,

ISEI, Misasa, Japan) images of

HP (a–c) and LP (b–d) glassy

ashes. Crystals and vesicles are

dispersed in the glassy matrix.

One crater of trace element

analyses by LA-ICPMS is

indicated by the arrow
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STR10-04-2003B) contain rare gray-yellow colored (light

to transparent in thin section), strongly vesiculated, juve-

nile glassy fragments (Fig. 1b, d). By comparison with

larger samples (lapilli and bombs) we consider the brown

clasts as representative of HP magma (hereafter HP

shards), whereas vesiculated and light-colored shards are

associated with LP magma (hereafter LP shards). For the

purpose of this work we selected about 50 and 10 frag-

ments of 150–500 lm-sized glassy particles from HP and

LP shards, respectively. Fragments with irregular and sharp

outlines, low microlite content, and without alteration

surfaces were preferred in order to avoid clasts that

underwent recycling within the craters. HP shards contain

nearly euhedral prismatic crystals (plagioclase, clino-

pyroxene and olivine), smaller than 250 lm in size

(Fig. 1c), sometimes forming crystal clusters; on the con-

trary, no crystal was detected in LP shards. HP shards are

characterized by lower degree of vesiculation in compari-

son to LP fragments (*10–40 vs. *30–70 vol% vesicles

as determined by optical microscope inspection). Mostly,

vesicles embedded in HP shards are moderately elon-

gated and, rarely, have sub-spherical shapes; stretched

deformed bubbles are also present (Fig. 1a). LP shards

contain smaller (\150 lm) but more numerous vesicles

(Fig. 1b, d).

For comparison, chemical and isotopic investigations

were conducted on seven whole-rock samples. Three

samples belong to the 2003 volcanic activity, namely a LP

pumice sample ejected during the April 5 paroxysm

(ST317) and two lava samples (STR010203 and

STR170503) erupted just before and after the paroxysm,

respectively. The petrographic descriptions of these sam-

ples along with their major and trace element compositions

are reported in Métrich et al. (2005) and Landi et al.

(2006). Both pumice and lava samples strictly resemble

compositions of whole-rocks erupted in the past decades

(Fig. 2). The other samples were erupted during the

‘‘Recent Stromboli’’ activity period (\5.6 ± 3.3 ky BP;

Gillot and Keller 1993; Hornig-Kjarsgaard et al. 1993) and

include the pumices ST79p, ST81p and ST82p, and a lava

sample from S. Bartolo (ST103). The pumice samples were

collected from tephra layers in stratigraphic trenches dug

on the NE flank of the volcano at about 450 m a.s.l. (Rosi

et al. 2000). Their origin is related to paroxysmal eruptions

that occurred after the third to seventh century AD (Rosi

et al. 2000). Detailed studies of the mineralogy together

with major and trace element geochemistry of these pumice

samples were published by Métrich et al. (2001) and

Bertagnini et al. (2003). The pumices belong to the high-K

basalt field in the SiO2–K2O diagram of Peccerillo and

Taylor (1976), and are analogous to LP pumices emitted in

the twentieth and twenty-first centuries AD during paro-

xysms and major eruptions (Bertagnini et al. 2003, and

Fig. 2). S. Bartolo lavas were erupted between 360 BC

and 7 AD in Greek-Roman times from a parasitic vent NE

of the present crater (Speranza et al. 2008). The petro-

graphy, mineralogy, and bulk-rock chemistry of S. Bartolo

lavas are reported in Hornig-Kjarsgaard et al. (1993),

Laiolo and Cigolini (2006) and Speranza et al. (2008).

They consist of high-K calc-alkaline porphyritic basalts,

and are among the less evolved lavas sampled on Strom-

boli Island (Fig. 2).

Micro-analytical techniques

Selected glass clasts were embedded in resin mounts and

polished for quantitative geochemical analyses. The whole

data set is reported in Tables 1 and 2. Major element

composition of the glasses was determined by EMP at the

CNR-IGG-Firenze (Italy) with a JEOL JXA-8600 (see

Vaggelli et al. 1999 for analytical details), except for the

samples STR08-03-2003 and STR10-04-2003B analyzed at

the Bayerisches Geoinstitut (Bayreuth, Germany) using a

JEOL JXA-8200 electron microprobe. The data were

acquired with an accelerating voltage of 15 kV and a beam

current of 15 nA. Counting times for glasses were 20 s on

peak and 10 s on background. Trace element concentra-

tions were measured by LA-ICPMS at the CNR-IGG-Pavia

(Italy) using a 266-nm laser probe (Brilliant, Quantel; for

further details, see Tiepolo et al. 2003) coupled with IC-

PMS (DRCe, PerkinElmer). The laser was operated at

10 Hz of repetition rate, the power on the sample was

1.5 mW, and spot size was set at 40 lm. The masses,

representing the best compromise between maximum iso-

topic abundance and minimum presence of interference,

were acquired in peak hopping mode with a dwell time of

10 ms. NIST SRM 610 and 44Ca were adopted as external

and internal standards, respectively. Precision and accuracy

were evaluated on the USGS-BRC-2 reference material

and are estimated to be better than 5 and 10% relative,

respectively. Water contents on few glass fragments were

determined by ion microprobe at the CNR-IGG-Pavia with

a CAMECA ims-4f. Analytical details are reported in

Ottolini et al. (1995).

Determination of Li isotope composition by ion probe

was undertaken at the Pheasant Memorial Laboratory

(PML) for Geochemistry and Cosmochemistry, Institute

for Study of the Earth’s Interior (ISEI), Okayama Univer-

sity at Misasa, Japan (Nakamura et al. 2003). Li isotope

ratios were determined using a CAMECA ims-1270 ion

probe with a multicollection system. Samples were pol-

ished and washed with diluted HF for 1 min, rinsed three

times using Milli-Q water, then put in an ultrasonic bath

with 0.5 M HNO3 followed by Milli-Q water, for 5 and

3 min, respectively; subsequently they were dried and

gold-coated for SIMS analysis. Samples were sputtered
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with an O- primary beam of 15 nA intensity resulting in

pit diameters of *20 lm, after ion sputtering. Secondary

positive Li ions were accelerated at 10 kV and analyzed at

a mass resolution of *2,000. There are no ion interfer-

ences on target mass peaks at this mass resolution. The L2

and H2 electron multipliers were used for the collection of
6Li? and 7Li?, respectively. Each analysis consisted of 55

cycles of 10 s counting of each cycle with 5 min of pre-

sputtering. Before sample analyses, replicated analyses of

synthetic basaltic glasses used as standards (see Kobayashi

et al. 2004 for details) were measured in order to calcu-

late the correction factor for the instrumental mass

fractionation. The corrected isotopic ratios were expressed

in per mil units:

d7Li &ð Þ ¼ 7Li=6
Li

� �corr:

SIMS

.
7Li
�

6Li
� �

ref
� 1

h i
� 1; 000

where NIST L-SVEC (7Li/6Li = 12.119) was used as ref-

erence value, as determined by TIMS, together with the

measurements of standard glasses. The total analytical

uncertainties (reported in Table 2) were calculated taking

into account the internal precision of single measurements

(±1.2%, 2r mean, on count rates of *25,000 cps for
7Li?), the reproducibility of measurements of standard
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Fig. 2 CaO/Al2O3 versus FeO/

MgO (a) and TAS classification

scheme (b) for LP and HP

glassy shards erupted in March–

April 2003. Individual

measurements are plotted. Bulk-

rock compositions of pumices

erupted in historical (third–

seventh to twentieth century

AD) and recent times (twentieth

and twenty-first centuries AD;

Rosi et al. 2000; Métrich et al.

2001; Bertagnini et al. 2003;

Francalanci et al. 2004) and

during the April 5, 2003,

paroxysm (Métrich et al. 2005;

Francalanci et al. 2008) are

shown. The compositions of

glassy matrix of recent pumices

(Francalanci et al. 1999, 2004;

Landi et al. 2004; Métrich et al.

2005) and recent scoriae, and

lavas (Francalanci et al. 1999,

2004, 2008; Landi et al. 2004,

2006) are also plotted.

Compositional fields for scoria

and lava whole-rocks (Rosi

et al. 2000; Métrich et al. 2001;

Francalanci et al. 2004, 2008;

Landi et al. 2004, 2006) and

melt inclusions hosted in olivine

phenocrysts of pumices

(Métrich et al. 2001, 2005;

Bertagnini et al. 2003) are

reported. Labels refer to the

whole-rock samples discussed

in this work. a Vectors illustrate

the effects of clinopyroxene,

olivine, and plagioclase removal

from melt. b Fields labeled with

p1 and s1 include, respectively,

pumices and scoriae/lavas from

recent eruptions, whereas those

labeled with p2 and s2
distinguish historical pumices

from scoriae and lavas,

respectively
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glasses (\ ± 4.8%, 2r), and the uncertainty related to the

accuracy of the correction factor (*4%; for further details

about the analytical procedures, see Kobayashi et al. 2004).

Lithium isotope bulk-rock analysis

The lithium contents of bulk samples were measured prior to

Li chemical separation to determine the required amount of

sample material for Li isotope analysis. 20 mg of powder

samples was digested in mixed acids [30 M HF, 7 M HClO4,

16 M HNO3, and 6 M HCl; the digestion method is descri-

bed by Yokoyama et al. (1999)] to measure Li contents and

isotope ratios (Table 2). Li was analyzed by ICP-MS (Agi-

lent 7500cs housed at the PML, Okayama University at

Misasa) following the procedures of Makishima and Na-

kamura (2006). The analytical error was typically less than

3% (2r). Based on the Li content of each sample, appro-

priate aliquots of sample solution were used for lithium

chemical separation, as described in Moriguti and Nakamura

(1998b). The resulting Li fraction after column chemistry

was dissolved in 0.5 M HNO3 to produce a 10-ppb Li

solution that has been analyzed for Li isotopes by MC–ICP–

MS (Thermo-Finnigan Neptune, housed at the PML, Oka-

yama University at Misasa). To obtain normalized isotopic

compositions, sample analyses were bracketed by analyses

of NIST L-SVEC standards (Tomascak et al. 1999a). In-run

precision for analyses of standards and samples of this study

was less than 0.06% (2r mean); the relative difference in Li

isotope ratios of the two standards bracketing each sample

was typically less than 0.4%. Further details including the

instrumental setup and the operating conditions are reported

in Tang et al. (2007). Analyses of nine separate digestions of

the GSJ JB-3 standard rock sample performed in this study

yielded a value of ?4.63 ± 0.19% (2r), in agreement with

the values obtained by TIMS within the analytical error

(?3.9 ± 0.7%, 2r reproducibility; Moriguti and Nakamura

1998b).

Results

Major element composition

On the basis of the different chemical compositions of

glasses two kinds of shards can be distinguished. LP glassy

shards are characterized by higher Al2O3, MgO, and CaO

contents and CaO/Al2O3 ratios, and lower SiO2, TiO2, FeO,

Na2O, K2O, and P2O5 contents in comparison to HP glassy

shards (Fig. 2). In the total-alkali-silica (TAS) classifica-

tion scheme, glasses of LP shards plot on the boundary

between basalt and trachybasalt fields, apart from two

fragments from the STR08-03-2003 sample with basaltic-

trachyandesite compositions, whereas glasses in HP shards

show basaltic-trachyandesite compositions (Fig. 2b).

According to the SiO2–K2O classification diagram

(Peccerillo and Taylor 1976) LP and HP shards have high-

K calcalkaline-shoshonitic (K2O = 2–3 wt.%) and shos-

honitic (K2O = 4–5 wt.%) signatures, respectively. LP

shards erupted on April 10 (post-paroxysm) have higher

FeO and TiO2 contents and CaO/Al2O3 mean ratio and

lower SiO2, and alkali mean contents than the pre-parox-

ysm LP shards. Major element compositions of the ana-

lyzed HP and LP shards resemble those of the glassy

matrix from HP scoriae and LP pumices (Francalanci et al.

1999, 2004, 2008; Landi et al. 2004, 2006, 2008), respec-

tively (Fig. 2). If compared to April 5 pumice whole-rocks,

the post-paroxysm LP shards show similar compositions

with slightly higher mean SiO2 and alkali contents and a

lower CaO/Al2O3 mean value. Water content in HP and LP

glasses is low (0.23–0.28 wt.%), with no significant differ-

ence between the two glass types. Similar H2O contents

(nearly 0.2 wt.%) characterize melt inclusions in minerals

belonging to the HP magma (Métrich et al. 2001).

Table 2 Li concentrations and Li isotopic compositions of HP and

LP glassy shards and whole-rock samples

Sample d7Li (%) Li (ppm)

HP glassy shards

STR08-03-2003

Fragment 1 ?1.2 ± 0.8 14.1

Fragment 11 -2.4 ± 0.7 14.4

Fragment 10 -3.4 ± 0.6 15.3

Fragment 14 -3.8 ± 0.7 17.7

STR10-04-2003B

Fragment 7 -2.9 ± 0.5 16.7

Fragment 19 -1.0 ± 0.4 15.3

Fragment 29 -0.4 ± 0.5 15.8

LP glassy shards

STR08-03-2003

Fragment 7 ?4.6 ± 0.8 14.3

Fragment 8 ?1.6 ± 0.8 7.8

Fragment 20 ?0.9 ± 0.7 11.9

STR10-04-2003B

Fragment 17 ?4.2 ± 0.6 8.8

Fragment 12 ?4.4 ± 0.7 7.3

Whole-rock lavas and pumices

ST103 ?3.12 ± 0.03 8.59

ST79p ?3.14 ± 0.03 10.12

ST81p ?3.49 ± 0.03 9.36

ST82p ?3.27 ± 0.03 8.83

ST317 ?2.91 ± 0.10 8.21

ST010203 ?3.58 ± 0.09 9.41

ST170503 ?3.72 ± 0.08 9.21
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Trace element composition

Differences between the compositions of HP and LP

shards are apparent as for the trace element signatures. As

a whole, the mantle-normalized trace element patterns

show the typical arc-lava pattern with enrichments in

LILE, B, Pb, U, Th, and LREE relative to HFSE and

HREE (Fig. 3). HP glasses erupted during the four

investigated ash emission events are quite homogeneous

and possess incompatible element concentrations higher

than LP glasses. Moreover, HP glass shows Sr and Eu

((Eu/Eu*)N = EuN/(SmN 9 GdN)0.5 = 0.6–0.9) negative

anomalies, and slightly lower Ba/Rb ratios with respect to

the LP glass. Concerning compatible elements, Cr, Ni, Co,

and Sc contents decrease, whereas V content increases,

from the LP to the HP glass. If compared with the

post-paroxysm LP shards (STR10-04-2003B), the pre-

paroxysm ones (STR08-03-2003) display a parallel com-

positional pattern, with slightly higher contents in all

incompatible elements, but Yb. Cr, Ni, and V contents

increase from the post-paroxysm to the pre-paroxysm LP

glasses, while Sc and Co contents slightly decrease. The

incompatible trace element pattern of post-paroxysm LP

shards is coincident with those of pumice whole-rocks

erupted in the twentieth century AD and during the April

5, 2003, paroxysm (Fig. 3). Pre-paroxysm LP shards clo-

sely resemble the glassy matrix of LP pumices and oli-

vine-hosted melt inclusions embedded in the pumice

ST82p (Schiavi 2007). HP glass shards differ from LP

pumices for the higher trace element concentrations and

the Sr negative anomaly.

For all samples taken together Cs, Rb, Ba, Th, U, LREE,

MREE, and Ti draw positive correlations with SiO2 con-

tents (Fig. 4). Noticeably, whereas the content of most

trace elements is homogeneous in HP shards (RSD & 5%

for LREE, Y, Nb and Zr; 5–10% for LILE, Ta, Hf, Th, U,

and Pb; 10–12% for HREE), that of B and Li is more

variable (RSD C 20%). Lithium content varies from 6.5 up

to 24 ppm and is weakly positively correlated (R2 * 0.5)

with Na2O and B abundances (not shown).

Lithium isotopic signature

Li isotopes ratios of the pre-paroxysm and post-paroxysm

HP shards show a significant variation from -3.8 ± 0.7%
to ?1.2 ± 0.8%. Post-paroxysm LP shards are homo-

geneous with an average composition of d7Li = ? 4.3 ±

0.3% (2r), which resembles the d7Li signature of whole-

rock pumice and lava samples analyzed by bulk method in

this work (average value of ?3.3 ± 0.6%, 2r). d7Li of

pre-paroxysm LP glass shards varies between ?0.9 ±

0.7% and ?4.6 ± 0.8%; this range partially overlaps that

of known values (-1.7 ± 0.9% to 2.3 ± 0.7%) for oliv-

ine-hosted melt inclusions found in the pumices ST79p and

ST82p erupted after the third and seventh centuries AD

(Schiavi 2007).
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Fig. 3 Incompatible trace element compositions, normalized to

primitive mantle (Sun and McDonough 1989), for HP and LP glassy

shards erupted in March–April 2003. Trace element patterns of the

average compositions of pumices erupted during the April 5

paroxysm (Métrich et al. 2005; Francalanci et al. 2008), pumices

(Francalanci et al. 1999, 2004; Métrich et al. 2001; Bertagnini et al.

2003) and scoriae (Francalanci et al. 1999, 2004, 2008; Métrich et al.

2001) erupted during the twentieth century AD, and glassy matrix of

twenty-first century pumices (Pompilio, unpublished data) are shown.

Trace element composition of olivine-hosted melt inclusions embed-

ded in the pumice ST82p (Schiavi 2007) is reported for comparison
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Discussion

Genetic relationships between LP and HP magmas

Previous studies of bulk-rocks and melt inclusions

(Francalanci et al. 1999, 2004; Métrich et al. 2001;

Bertagnini et al. 2003) suggested that different residence

times within the plumbing system, associated with different

rates of gas loss and crystallization en route, can explain

the main differences in major and trace element composi-

tion between LP and HP magmas. Also the major and trace

element fingerprinting of glassy ashes erupted by the

explosive events in March–April 2003 confirms that HP

shards represent, relative to LP analogs, a more evolved

melt that underwent higher crystal fractionation degrees in

the shallowest part of the conduit. Major evidence in favor

of this comes from Sr and Eu negative anomalies that

characterize HP shards and can be reconciled with the role

of plagioclase as fractionating mineral (Figs. 3, 5). Frac-

tional crystallization models based on major and trace

element composition were used to test the origin of the

more evolved component (HP glasses) from the more

primitive one (LP glasses). For modeling, major element

compositions of crystals, namely clinopyroxene, plagio-

clase and olivine recovered from the selected HP ash

samples were used (eTable 1 in the Online Resource).

Olivine (Fo70) and plagioclase (An65-An77) compositions

overlap those of phenocrysts found in scoria samples

erupted during the twentieth and twenty-first centuries AD

(Francalanci et al. 2004; Landi et al. 2004). Analyzed

clinopyroxene crystals in HP shards reveal augitic com-

position and Mg# [mol Mg2?/(Mg2? ? Fe2?)] ranging

between 0.75 and 0.78, although diopsidic compositions

(Mg# *0.87), which provide evidence for resorption and/

or assimilation processes, are also observed (e.g., STR10-

04-2003A). Francalanci et al. (2004) and Landi et al.

(2004) performed systematic studies on mineral chemistry

and textural zoning of phases crystallized from scoriaceous

and pumiceous magmas at Stromboli. These authors evi-

denced that mineral phases in equilibrium with the LP and

HP magmas have distinct compositions. Fo% in olivine

around 70, Mg# in clinopyroxene around 0.75, and An% in

plagioclase around 65 are in equilibrium with the HP

magma, whereas Fo% in olivine *80–85, Mg# in clino-

pyroxene *0.83–0.91, and An% in plagioclase *80–90

are in equilibrium with the LP magma (Francalanci et al.

2004). Francalanci et al. (2004) and Landi et al. (2004) also

pointed out that successive intrusions of volatile-rich LP

magma blobs at shallow depth and syn-eruptive mingling

process between HP and LP magmas are responsible for

partial crystal dissolution and complex phenocryst zoning.

For the major element modeling only analyses of crystals
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with compositions close to equilibrium with HP magma

were used, in order to investigate the role of mineral

fractionation at shallow depth. Major and trace element

modeling was performed by mass balance calculation and

by using the equation for fractional crystallization Cevolved/

Cstarting = FD-1 (see explanation in the table caption),

respectively. Phase proportions and total percentage of

fractional crystallization were calculated to best fit the

measured composition of the evolved melt (HP shards) by

using the Microsoft Excel solver function. The results of

the quantitative calculations are reported in detail in eTable

2 and eTable 3 (Online Resource). As a whole, major and

trace element data from this work are consistent with an

origin of HP glass from LP glass by 49–57% (best-fit for

major and trace element modeling, respectively) fractional

crystallization of a mineral assemblage consisting of pre-

vailing plagioclase (27–33%) and minor clinopyroxene

(16–18%), and olivine (4–6%), i.e., the phenocryst para-

genesis of Stromboli magmas (e.g., Francalanci et al. 1999,

2004; Métrich et al. 2001; Landi et al. 2004). Our calcu-

lations show that the model fits well for almost all elements

(eFig. 1 in the Online Resource). Small discrepancies in

FeO and TiO2 contents between the measured and calcu-

lated HP compositions are significantly reduced when

Fe- and Ti–rich outer rims of clinopyroxene phenocrysts

from scoria samples (Francalanci et al. 2004) are consi-

dered for modeling (eTable 2, Model 2). In evaluating

the goodness of the fit, uncertainties due to the assumption

of average compositions of glassy shards and mineral

phases and uncertainties associated with mineral-melt

partitioning coefficients of trace elements must be taken in

consideration.

LP glasses: pre- versus post-paroxysm products

Textural (high vesicularity, absence of abrasion), petro-

graphic (lack of alteration or palagonitisation), and geo-

chemical (e.g., no anomalous compositions) characteristics

of LP clasts erupted before the paroxysm all point to a

juvenile nature and let to exclude processes of recycling of

relatively old ash clasts residing within the crater. In fact

even in a partially or momentarily obstructed crater of an

active volcano, kinetics of alteration processes is very fast

due to the high temperatures ([700�C according to Allard

et al. 2008) and diffuse emission of gases. Exposures of

basaltic glasses within the Etna crater allowed Spadaro

et al. (2002) to demonstrate that morphological and

chemical transformations of the clast surface occur in a

very short time and become significant within a few hours.

Above results are fully confirmed by some pilot experi-

ments carried out at INGV-Pisa lab, in which a LP ash was

kept at high temperature ([700�C) in a tube furnace. About

12 h of exposure at 750�C in oxidizing conditions

(fO2 * atmospheric) produces the complete reddening of

clast surfaces. Less oxidizing conditions (fO2 * NNO

buffer) result in observable surface modifications and

precipitation of very small secondary crystals, giving a

gray dull appearance to the clast surface.

To the best of our knowledge, this is the first finding in

Stromboli of LP clasts not erupted during a paroxysmal

eruption. Small differences in major element compositions

between pre-paroxysm and post-paroxysm shards, along

with slightly higher abundances of incompatible trace

elements, Cr, Ni, and V in the pre-paroxysm glasses are

observed. The absence of negative Sr anomaly in LP shards

rules out a significant role of plagioclase fractionation and

suggests that both pre- and post-paroxysm LP glasses

represent more primitive melts that ascended along the

crust without stalling in shallow part of the plumbing

system (P \ 50 MPa), where plagioclase crystallization

starts to occur in response of water loss due to degassing

(H2O \ 2.5 wt.%; Di Carlo et al. 2006). Compositional

variations between pre-paroxysm and post-paroxysm

shards are therefore related to differentiation mechanisms

occurring at depth. In this regard, it is worth noting that the

incompatible trace element contents of the pre-paroxysm

LP magma resemble those of olivine-hosted melt inclu-

sions found in the pumice ST82p. Métrich et al. (2001) and

Bertagnini et al. (2003) evidenced that these melt inclu-

sions were not significantly affected by post-entrapment

evolution and calculated entrapment pressures of *300–

400 MPa. Variable extents of crystal fractionation between

LP magma batches were invoked by Métrich et al. (2001)

to explain the mineralogy and chemistry of olivine-hosted

melt inclusions from the pumiceous magma. Analogously,

limited fractionation of mafic phases is likely to be

responsible for higher abundances of incompatible trace

elements observed in the pre-paroxysm LP glasses. How-

ever, such a simple process cannot explain the higher

contents of Cr, Ni, and V observed in the pre-paroxysm

glassy shards. The behavior of more compatible elements

points to some assimilation of cumulates from fossil res-

ervoirs or crystal mushes from the present-day reservoir

during the interaction between basaltic melts and wall-

rocks (e.g., Francalanci et al. 1989, 2005; Bertagnini et al.

2003; Pichavant et al. 2009). Application of pure AFC or

energy-constrained AFC models is hampered by a number

of factors including: (1) the chemical variability, system-

atic reverse zoning, and resorption textures shown by

olivine and clinopyroxene (Francalanci et al. 2008); (2) the

chemistry of mafic cumulates (e.g., Laiolo and Cigolini

2006), and (3) the adopted Min/LiqD values. In spite of these

limitations, simple AFC models (eTable 4 in the Online

Resource) indicate that Cr, Ni, and V contents are roughly

consistent with fractional crystallization (*20%) of

clinopyroxene (90%) and olivine (10%) coupled with
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minor assimilation (B9%) of dunite (0.5) and wehrlite (0.5)

assemblages (Laiolo and Cigolini 2006).

Quite apart from its quantitative modeling, the differ-

ence observed between pre-paroxysm and post-paroxysm

LP shards reflects different ascent rates and cooling rates

and suggests that the pre-paroxysm LP shards may repre-

sent a small early volume of LP magma that traveled

slower within the deep conduit with respect to later and

larger volumes of fast-ascending LP magma erupted during

the paroxysm. The small volume of LP magma and its

slower ascent rate would also explain the unusual eruptive

mechanism that produced repeated ash emissions instead of

discrete Strombolian explosions, or violent paroxysmal

eruption.

Lithium isotopic signatures of Recent Stromboli

volcanics

A common Li isotope signature is shared by bulk pumices

and lavas erupted in historical (360 BC to twentieth century

AD) and recent (twentieth and twenty-first centuries AD)

times and LP shards, and close similarity is also observed

between d7Li values of LP magma and olivine-hosted melt

inclusions (Schiavi 2007) (Fig. 6a). Lithium contents and

isotopic compositions of LP shards and pumices fall inside

the field which characterizes most of volcanic arc lavas

(d7Li *1–8%, e.g. Moriguti and Nakamura 1998a; Chan

et al. 2002b; Tomascak et al. 2002; Leeman et al. 2004;

Moriguti et al. 2004; Magna et al. 2006; Halama et al.

2009) although they are mostly characterized by light

lithium compositions. In addition, d7Li signature of LP

shards and pumices overlap that of N-MORB

(d7Li = ?3.4 ± 1.4% (2r), Chan et al. 1992, 2002a;

Elliott et al. 2006; Tomascak et al. 2008). On the contrary,

a wide spectrum of d7Li values is observed in HP glassy

clasts that extend the field of isotopic compositions defined

by LP magma and melt inclusions to lighter Li isotopic

signatures. Since LP pumices and olivine-hosted melt

inclusions represent the most primitive magmas erupted at

Stromboli (Métrich et al. 2001; Bertagnini et al. 2003) and,

hence the most suitable samples to preserve the Li isotopic

composition of Stromboli magma sources, the wider d7Li

variability and lighter Li compositions detected in HP

shards are probably related to processes of ascent, ponding,

and degassing along the crust. A possibility is that lighter

d7Li values are either due to late processes (e.g., hydro-

thermal alteration) occurring within the plumbing system,

most likely at shallow depth because the mass fractionation

of lithium is strongest at low temperatures (\350�C, Chan

et al. 1992, 2002a; Teng et al. 2004; Wunder et al. 2006),

or are ruled by open system kinetic effects (e.g., Beck et al.

2004, 2006; Halama et al. 2007; Jeffcoate et al. 2007).

Crystal fractionation is unlikely to lead to the large

variation of d7Li observed in HP ashes (Tomascak et al.

1999b; Chan and Frey 2003; Jeffcoate et al. 2007). Isotopic

composition of recently erupted magmas points against a

significant role of crustal contamination on present-day

Stromboli magmas (Francalanci et al. 1999, and references

therein). Francalanci et al. (2005) proposed the existence of

an older cumulus crystal mush zone below the Stromboli

shallow reservoir, which is periodically disrupted and

sampled by the ascending LP magma. However, our data

show identical Li isotopic signatures for bulk pumices and

lavas, thus suggesting that, if interaction of the HP magma

with a cumulus crystal mush takes place, it does not pro-

duce appreciable effects on the d7Li signature of the

shallow reservoir. Alternatively, it could be argued that the

observed variation of Li isotopic ratios in HP shards is

related to either kinetic fractionation during diffusion and/

or degassing processes occurring at relatively shallow

depth. The observed Li isotope fractionation cannot be

accounted for by secondary alteration effects operated on

the erupted ashes before their sampling by water-rich

agents; indeed, secondary alteration would have affected in

similar way both LP and HP shards and shifted original Li

isotope ratios toward heavier compositions.

Degassing-induced fractional crystallization

There is general consensus that the Stromboli present-day

activity is mostly ruled by steady arrival of primitive LP

magma batches that progressively undergo decompression,

lose gas, and possibly mix up with HP magma stalling in

the upper plumbing system (Francalanci et al. 1999, 2004,

2005; Métrich et al. 2001; Bertagnini et al. 2003). As for

the effects of Li isotopic fractionation induced by degas-

sing, we explored this possibility by simulating the frac-

tionation effects of an open-system Rayleigh distillation

between melt and fluid phase (Fig. 6). In simulating an

open-system Rayleigh distillation we used the formulation

expressed as d7Li = ((d7Li)0 ? 1,000)f(a-1) – 1,000), in

which d7Li and (d7Li)0 represent Li isotopic compositions

of the degassed and initial magma, respectively, f corre-

sponds to the fraction of lithium remaining in the melt after

degassing, and a is the Li isotope fractionation factor

between vapor and melt, i.e. (7Li/6Li)fluid/(7Li/6Li)melt. If

we assume that the original melt before significant degas-

sing has the same composition of the post-paroxysm LP

glass ((d7Li)0 = *?4% and Li = 8 ppm (C0)), then the

Li isotopic composition of degassed melt as a function of f

can be calculated provided that suitable values of a are

known. Unfortunately, experimentally determined values

of Li fractionation factor between vapor and melt under

relevant conditions of pressure, temperature and melt

composition are not currently available; in contrast, there

is increasing experimental evidence on Li isotopic
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Fig. 6 a 1/Li versus d7Li plot for HP and LP glassy shards erupted in

March–April 2003. Error bars represent 2r. The bulk-rock composi-

tions plotted for comparison (open diamonds; error bars smaller than

symbols) include pumices (ST317, ST79p, ST81p and ST82p) and lava

(ST010203, ST170503 and ST103) samples. The compositional fields

for most of volcanic arc lavas and for N-MORB (see references in the

text) are reported; the latter extends to higher 1/Li values. The gray bar
drawn on the y-axis indicates the variation of Li isotopic composition

preserved in olivine-hosted melt inclusions from pumice samples

(Schiavi 2007). The star represents the average composition of the LP

shards ejected in April (STR10-04-2003B), which is assumed as

starting composition in the proposed model of degassing-induced

crystallization. A and B are the HP fragments with the lightest and the

heaviest Li isotopic signature, respectively, representing the end-

members of the model. The horizontal arrow shows the range of

variation for 1/Li when fractional crystallization approaches 50%; the

arrows labeled with ‘‘1’’ and ‘‘2’’ indicate degassing trends. Compo-

sitions of A and B end-members are consistent with a vapor release of

40–50% (trend 1) and 10–20% (trend 2), respectively,

if melt/fluidDLi = 1.5 and a = 1.015 are assumed. By assuming
melt/fluidDLi = 1.1 and a = 1.005, A and B end-member compositions

are consistent with *80% (trend 1) and 35–45% (trend 2) of vapor

release, respectively. b Fractionation paths of d7Li as function of

residual Li fraction in the degassing HP magma, calculated for two

different a values using the Rayleigh distillation equation (see text for

explanation). A and B indicate the end-members of the degassing model

shown in a. c. Variation of Li contents in HP melt as a function of the

vapor fraction released during degassing (solid symbols) and associated

fractional crystallization (*50%; open symbols). The trends for three

different values of melt/fluidDLi are shown
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fractionation between fluid and mineral (Wunder et al.

2006, 2007). Beck et al. (2004) estimated the isotopic

fractionation factor for Li2O and Li2S between vapor and

melt lower than unity (0.966 and 0.978, respectively).

However, these authors pointed out the importance of Li

speciation (elemental Li, oxide Li2O, chloride LiCl or

sulfide Li2S gas species) during migration from magma to

gaseous phase in the determination of the a between fluid

and melt. On this ground and in the absence of direct

experimental evidence for Li fractionation between vapor

and silicate melt, we assumed that fluids are enriched in 7Li

relative to silicates, as also supported by recent experi-

mental evidence for spodumene-fluid and mica-fluid sys-

tems (Wunder et al. 2006, 2007). Experiments confirm

theoretical prediction that Li fractionation factor

(7Li/6Li)fluid/(7Li/6Li)mineral increases with decreasing T

(see Marschall et al. 2007, and references therein); a is

1.0024–1.0043 for T in the range 400–670�C, whereas it is

in excess of 1.0056 and up to 1.015 for T \ 300�C (see

also Chan et al. 1992; Zack et al. 2003; Rudnick et al.

2004). Equilibrium temperature for quiescent degassing at

Stromboli is estimated to be in the order of 700�C (Allard

et al. 2008), so that low a values could be predicted

extrapolating results for silicate mineral and fluid pairs.

However, it seems plausible that vapor degassing from

melt favors an easier and faster 7Li removal with respect to

fluid release from minerals. We notice here that if a values

at the lowest end of the range reported above are assumed

(i.e., 1.0024), then Li must be almost completely removed

into the vapor phase to significantly change its isotopic

composition in the residual melt, a feature not observed

even in the highly evolved melts. In contrast, a values

[1.004 may result in significant Li isotopic fractionation

also in the case of partial removal of Li from melt and are

therefore regarded as more realistic. Calculations show that

assuming a in the order of 1.005 the lightest (-3.8%, in

the following called end-member A) and the heaviest

(?1.2%, in the following called end-member B) Li com-

positions of HP shards can be achieved when f is about 0.2

and 0.55, respectively. For a = 1.015 (i.e., in the case of

extreme Li fractionation) Li compositions of A and B end-

members are obtained for f equal to 0.6 and 0.83, respec-

tively (Fig. 6b).

The residual Li contents in HP glass after degassing

(f) can be calculated using the equation Cresidual =

C0(1 - F)(1/D-1), in which Cresidual and C0 are the weight

concentrations of Li in the degassed and original melt,

respectively, F is the weight fraction of vapor phase

released from the original melt and D is the bulk distri-

bution coefficient for Li between melt and vapor. Experi-

mental data on partitioning behavior of lithium between

basaltic melt and hydrous fluid, under relevant conditions

of pressure, temperature and melt compositions, are absent.

London et al. (1988) performed vapor-saturated experi-

ments at 200 MPa with peraluminous granitic melts and

found that Li preferentially partitions into the melt (vapor-

melt partition coefficient of *0.4) within a temperature

interval of 650–775�C. Webster et al. (1989) studied Li

partitioning between hydrous fluid and metaluminous

rhyolitic melts at 800�C and observed that Li preferentially

partitions into the hydrous fluid, especially at lower

pressure (*50 MPa), and that at higher pressure (200–

500 MPa) its partitioning is more dependent on tempera-

ture and fluid composition, in particular on chlorine content

of fluids. According to these authors, DLi between melt and

fluid would change from 0.4 to 2.0 at 200 MPa. Noticeably,

the observed positive correlation between d7Li and 1/Li,

which in turn implies Cresidual/C0 [ 1, can be only

explained by melt/fluidDLi values significantly higher than

unity (Fig. 6c), in agreement with results from London

et al. (1988). Given the uncertainty on this value, modeling

results are shown in Fig. 6c for the values of melt/fluid-

DLi = 1.5, 1.1 and 0.9. In modeling the variations of Li

abundance in the degassing HP melt, we must also take

into account the effects of fractional crystallization. In

particular, fractionation of mineral phases in the extent

(*50%) and modal proportions estimated on the basis of

major and trace elements drives Li content of the degassing

magma to increase by a factor 1.7 (Fig. 6a, c).

Altogether, modeling results indicate that d7Li values

and Li contents of the lightest (A) and heaviest (B) end

members are consistent with a vapor release of 40–50%

and 10–20%, respectively, if melt/fluidDLi = 1.5 and a =

1.015; on the other side, melt/fluidDLi = 1.1 and a = 1.005

produce the observed HP compositions by about 80% and

35–45% of vapor release, respectively. As a whole, the

variability of d7Li values (-3.8 to ?1.2) and Li contents

(mostly, from 12 to 20 ppm) of HP glass can be accounted

for by variable degrees of fluid release during degassing

coupled with slightly variable degrees of prevailing pla-

gioclase and clinopyroxene fractionation.

Lithium isotope fractionation by diffusion: a qualitative

assessment

Alternatively, the observed variation of Li isotopic ratios in

HP glass shards could be related to kinetic fractionation

during diffusion between the more primitive LP magma

and the HP one, which is expected to occur depending on

the Li concentration gradient between the coexisting

magma batches. Experimental evidence indicates that

lithium has an extraordinary mobility in igneous systems

when compared to a broad range of elements, and its

diffusion-induced isotope fractionation is in the order of

tens per mil (Richter et al. 2003). These authors estimated

diffusion coefficient of Li to be 6 9 10-5 cm2 s-1 in a
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basaltic liquid with SiO2 = 50 wt.% at 1,350�C. On this

ground, it is possible that chemical diffusion between LP

and HP magmas might result in the observed Li isotope

fractionation because of the significantly higher diffusivity

of 6Li with respect to 7Li (Richter et al. 2003). However,

since diffusion is expected to proceed from the Li-enriched

end-member to the Li-depleted one, i.e., from the highly

crystallized HP to the LP magma, this process would yield

a lighter Li isotopic composition in the LP magma con-

trarily to our observations. Therefore, this process is unli-

kely to explain the variations of Li isotopic ratio in HP

ashes.

On the other hand, we cannot rule out that a diffusion

mechanism from the HP magma could have partially

affected the Li isotope composition of the pre-paroxysm

LP magma (sample STR08-03-2003) and shifted it toward

lighter d7Li and higher Li contents (e.g., fragment 20), with

respect to post-paroxysm LP ashes. We need to consider

that the efficiency of diffusion processes will strongly

depend on exposure time, contact interface, and occurrence

of mingling between the two magmas, which most likely

were rather small or limited to the syn-eruptive ascent and

thus unable to affect the composition of major elements

and trace elements other than lithium. Mingling is not

evident by microscope observation at the scale of the ash

clast. Detailed d7Li profiles in glassy samples of coexisting

LP and HP magmas (i.e., mingled pumice-scoria clasts) are

required to quantitatively test this hypothesis.

In addition, the lack of correlation between Li abun-

dances and isotopic ratios of pre-paroxysm LP shards and

analogously variable d7Li values found in melt inclusions

suggest that d7Li signature of pre-paroxysm LP shards is

not the result of a diffusion mechanism only. Two possible

explanations are: (1) heterogeneity of Stromboli magma

sources, and (2) interaction between LP magma and

cumulates or crystal mushes occurring upon ascent in the

deep plumbing system.

In summary, the Li isotopic compositions of HP magma

cannot be explained by diffusion processes between HP

and LP magmas. However, we agree that a more quanti-

tative assessment of diffusion effects requires further Li

profiles at the interface between LP and HP magmas where

the mingling is evident. In addition, we notice that our data

seem to be not consistent with Li isotope fractionation

driven by diffusion between mineral phases, especially

plagioclase, and HP melt. Indeed, in light of the signifi-

cantly higher diffusivity of 6Li with respect to 7Li (Richter

et al. 2003) and lower Li contents in plagioclase relative to

the basaltic melt, the occurrence of diffusion processes

should lead HP melts to evolve to isotopically heavier d7Li

values (with respect to less differentiated LP melt) due to

the faster diffusion of 6Li into crystals, in disagreement

with our observations. In contrast, available data and their

modeling show that degassing coupled with fractional

crystallization is a suitable and likely process to explain the

compositional range of brown HP shards.

The 2003 eruptive scenario

Primitive magma ejected during paroxysms represents

perturbations to the steady state of the magmatic feeding

system of the ordinary Strombolian activity due to its faster

ascent and, possibly, larger volumes than usual. In this

context April 5 paroxysm is related to the arrival of a batch

of primitive magma that underwent only minor fractional

crystallization of mafic phases; a similar batch was col-

lected as LP ash shards a few days later (Fig. 7). The

distinct chemical signatures of LP and HP glass shards are

thus related to the residence time within the plumbing

system and to the different rate of volatile loss and frac-

tional crystallization they underwent during the ascent. In

contrast, the difference in the trace element fingerprinting

of pre- and post-paroxysm LP products is negligible and

reflects only slightly variable degrees of wall-rock assi-

milation and crystal fractionation between LP magma

batches. These results confirm the overall scenario envis-

aged for the Stromboli 2003 eruptive activity (Métrich

et al. 2001; Bertagnini et al. 2003; Francalanci et al. 2004;

Landi et al. 2006). In addition, the investigation carried out

on juvenile ashes reveals that small volumes of LP magma,

slightly more differentiated than later pulses, ascended

during the pre-paroxysm phase through the shallow

plumbing system of the volcano and along the conduit and

were emitted as blonde vesicular glassy shards (Fig. 7).

These LP blobs behaved as a herald of the arrival of a

larger volume of LP magma that was erupted during the

April 5 paroxysm. It is noteworthy that, due to their small

volume, these LP drops crossed the stationing HP magma

body and arrived to the surface without a significant

interaction, probably associated with small bubble plumes.

For this reason they were not detected by the geophysical

networks and overlooked by petrologic monitoring (Landi

et al. 2006). Conversely, geochemical monitoring evi-

denced a marked increase of CO2, H2, and He dissolved in

thermal waters and changes in the dissolved carbon isoto-

pic composition (Carapezza et al. 2004) together with an

increase of SO2/HCl ratio in gas plume (Aiuppa and

Federico 2004), few days before the paroxysm. Both geo-

chemical anomalies have been interpreted as produced by

depressurization of a rising batch of a deep gas-rich

magma.

Two major points are worth discussing, namely the

degassing mechanisms associated with HP and LP magmas

and the significance of the different Sr isotopic signatures

of these magma types (Francalanci et al. 1999, 2005).
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Apparently, the similarly final low water content measured

in residual melts of both magma types argues against the

scenario envisaged here and particularly the proposed

model of degassing-induced Li fractionation. The low

water content of LP shards suggests that they also under-

went strong degassing, in accordance with the rapid

kinetics of vesiculation in basaltic magma; thus one could

expect a shift toward lighter Li isotopic compositions in LP

ashes as observed for HP analogs. However, it must be

noticed that mechanisms of volatile exsolution, separation

from the melt, and outgassing are significantly different for

the two magma types (Polacci et al. 2006, and references

therein). HP magma has longer residence times within the

shallow level plumbing system (P \ 50 MPa; Francalanci

et al. 2004; Landi et al. 2004; Di Carlo et al. 2006). Under

these conditions, HP magma undergoes relatively slow,

non-explosive, and extremely efficient (open-system)

degassing through a permeable network further enhanced

by some magma overturn and convection (Burton et al.

2007; Lautze and Houghton 2007), which would facilitate

the isotopic fractionation of lithium. In contrast, the faster

ascent rates of LP magmas and their short or negligible

residence at shallow level, when compared to HP magma,

inhibit volatile-loss-induced crystal nucleation and result in

syn-eruptive, fast degassing of H2O. This process is prob-

ably unable to significantly fractionate Li isotopes since the

LP magma behaves as a closed system until the arrival to

the surface and equilibrates continuously with the vapor

producing a more homogeneous isotopic signature.

The second point concerns strontium isotopic composi-

tion. The different Sr isotopic signatures of LP (87Sr/86Sr

*0.70610) and HP magmas (87Sr/86Sr ranging from

0.70627 to 0.70615) may suggest that two different sources

feed the present-day Stromboli activity (Francalanci et al.

2005). However, the whole data set presented here supports

the view that the two magmas can form from a common

parental melt, provided that the chemical effects of frac-

tionation and degassing processes at different depth are

taken into account. Detailed geochemical investigations of

olivine-hosted melt inclusions also support this view

(Métrich et al. 2001; Bertagnini et al. 2003). Moreover,

preliminary Pb isotope data on the HP and LP shards and

on melt inclusions from Recent Stromboli activity do not

evidence distinct populations (Schiavi 2007). On this

ground, the apparent decoupling between Li and Sr isotopic

signatures most probably results from the different time

scale of sampling. In the present work we focused on a

short period of an eruption where feeding is dominated by a

single source, while Sr isotope variation is documented in

samples erupted in a time scale of decades. In other words,

if at least two sources produced LP magmas in the past

2 ky, then it seems plausible that the residence time of HP

magma within the shallow plumbing system is so long that

this magma still records in crystals (that form more than
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Fig. 7 The cartoon portrays a simplified model (not to scale) for

Stromboli March–April 2003 activity and the relationships between

HP (dark gray) and LP (light gray) magmas. On March 8, a small

pulse of volatile-rich LP magma fractionating mafic phases and

interacting with the wall-rock at depth ascended the conduit through

HP magma residing at shallow levels. Both LP and HP shards were

emitted. During the pre-paroxysm phase following March 8, the

normal activity continued with HP magma undergoing continuous

degassing and convection that enhance crystallization and zoning of

plagioclase phenocrysts. Only HP brown shards were emitted. On

April 5, a sudden pulse of more primitive volatile-rich magma, or

decompression from the top, allowed the LP magma to rise up

vigorously from about 8–11 km depth to the shallow portion of the

plumbing system. This fast ascent promoted syn-eruptive volatile

exsolution and was accompanied by reaction and mixing with the

overlying degassed HP magma
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50% of the rocks) or crystal clots or wall cumulates the

isotopic signatures of an old LP magma source.

An alternative and intriguing hypothesis, at present

unconstrained, is that chemical diffusion and/or degassing

processes may also rule small differences in Sr isotopic

composition, as discussed for lithium. Conventionally

measured 87Sr/86Sr values cannot detect the effects of Sr

mass fractionation and a specific study should be designed

to test the hypothesis. Unfortunately, experimental data on

degassing-induced Sr fractionation and computational data

by ab initio methods to thoroughly address this point are

also lacking. We only notice here that although the diffused

Li is far more isotopically fractionated in silicate liquids

relative to Sr (Richter et al. 2003), diffusion-induced iso-

topic fractionation of Sr between two liquids driven by a

concentration ratio similar to that observed between LP and

HP (*0.370.5) could be roughly estimated in the order of

few fractions per mil, if a b kinetic fractionation parameter

similar to that of Ca is adopted (*0.075, Richter et al.

2003).

Concluding remarks

The chemical investigation of juvenile glassy fragments of

ashes erupted from Stromboli during March and April 2003

has provided useful information in tracking magma pro-

cesses at shallow depths. The well-known presence of two

different kinds of products in Recent Stromboli ejects,

namely HP and LP magmas, related to distinct ascent

dynamics has been confirmed by our study of glass shards.

Morphology and major and trace element chemistry concur

to clearly distinguish within juvenile ashes the presence of

two different glassy clasts formed by quenching of the two

HP and LP magmas that coexist at different depths within

the plumbing system.

The results of the present study argue in favor of a

common origin for HP and LP melts; major and trace

element composition of glass shards indicates that the

primitive, volatile-bearing LP magma evolves after pond-

ing in the upper level conduit by degassing-induced crys-

tallization (*50% of prevalent plagioclase and minor

clinopyroxene and olivine) towards a volatile-poor, resi-

dual melt represented by the glass of HP products. The role

of degassing-induced crystallization operating in the HP

magma during its relatively long residence at shallow depth

is highlighted by variations of Li abundances and isotopic

signatures that can be reconciled with variable degrees of

efficient open-system degassing. In contrast, chemical

composition and Li isotopic signature of LP shards reflect

the faster ascent rates of LP magma batches, and their short

or negligible residence at shallow level, when compared to

HP magma.

Finally, we remark that consistent insights on magma

evolution and eruption dynamics of present Stromboli are

derived from both studies of olivine-hosted melt inclusions

(Métrich et al. 2001; Bertagnini et al. 2003) and chemical

investigations of juvenile glassy ashes. The latter allowed

to recognize for the first time the early ascent of small

volume, undegassed and deep seated magma blobs before a

violent paroxysm. In turn, this confirms that in situ petro-

logical and geochemical investigations of juvenile ashes

are a powerful tool in monitoring the volcanic activity and

forecasting paroxysmal events (Schiavi et al. 2006).
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