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A multi-disciplinary study, integrating volcanological field observations, petrography,
whole rock geochemistry and textural and compositional analyses on plagioclase
crystals has been carried out on the products of Monte Luccia, Spiaggia Lunga, and
Quadrara eruptions, occurred between 48 and 21 kyrs on the island of Vulcano. These
products are all characterized by welded scoria blankets, and their eruptions have been
generally related to the formation and/or re-activation of ring faults bordering the “Il
Piano” caldera. The aim of the work is to reconstruct the pre- and syn-eruptive dynamics
acting within their magma plumbing systems and the related link with the phases of
caldera collapse. At the bottom of the stratigraphic sequences, the presence of base
surge deposits suggests that all the eruptions started with a phreatomagmatic phase
fed by a shallow reservoir. Textural and microanalytical study of plagioclase crystals
of Spiaggia Lunga eruption revealed that the phreatomagmatic event activated the
ascent of a volatile-rich, basaltic magma residing at 5–11 km of depth. This basaltic
magma mixed with the resident shallow one, and was poured out during the course
of the eruption producing a sustained lava-fountaining phase. The subsequent caldera
collapse, identified by a layer of chaotic breccia interbedded in the scoriae deposit,
has been linked to the partial emptying of the shallow magma reservoir. In contrast to
what observed for recent eruptive events at Vulcano, the onset of the magmatic phase
would be attributed to a self-activation due to volcano-tectonic events, and not to a
pressurization of the plumbing system related to the ascent of deep magma batches.
As concerns the Mt. Luccia deposits, bordering the eastern rim of the “Il Piano” caldera,
the absence of plagioclase in the mineralogical assemblage suggests the eruption of a
deeper magma (>11 km b.s.l.), rapidly ascending through the re-activated ring faults
of “Il Piano” caldera. At Quadrara eruption, the occurrence of a layer of white biotite-
bearing latitic pumices overlying the basal phreatomagmatic deposits suggests the
involvement a shallow, isolated reservoir where the increase of volatile pressure allowed
the crystallization of hydrous phases. A deeper shoshonitic magma was involved later
in the eruption, forming the welded scoria level at the top of the sequence.

Keywords: caldera, plagioclase, magma plumbing system, eruptive scenario, pre-eruptive conditions, welded
scoriae, volcanology, eruptive conditions
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INTRODUCTION

Calderas are one of the most evident morphological elements of
a volcanic edifice. They differentiate from sector/flank-collapses
or explosion craters, which could have similar aspect, chiefly for
their direct link with the dynamics acting into the magmatic
plumbing systems prior and during an eruptive event (e.g.,
Ventura et al., 1999; Peccerillo et al., 2007; Davì et al., 2009;
Nicotra and Viccaro, 2012b; Fabbro et al., 2013; Fontaine
et al., 2014; Kennedy et al., 2018; Albert et al., 2019). The
processes promoting a caldera collapse are necessarily related
to the presence of a magma reservoir, regardless of its shape,
depth and composition. Collapses are chiefly related to magma
displacement, which can produce a lateral intrusion or give rise
to an eruption. The decrease of pressure within the reservoir can
then lead to the collapse of its roof (Cashman and Giordano, 2014
for a review). Depending on the strength and thickness of the
overlying country rock and on the width and depth of the magma
chamber, caldera collapse can occur during syn- or post-eruptive
phases of a single (or a sequence of) eruptive event(s). Usually this
happens throughout some steps associated with seismic activity
and/or minor aseismic creep subsidence events. Indeed, not all
the caldera-forming processes are related to high-volume and
catastrophic eruptive events, as the magnitude of the collapse is
related to the ratio between the volume of the outpoured magmas
and that of the magma chamber, and it is also function of the
depth of the reservoir.

In most of geodynamic settings where magmatic processes
develop through hundreds of thousands of years (e.g., continental
rifting, collisional settings, back-arc extensional basin, complex
geodynamic settings), magmas can pond and crystallize also at
shallow depth, evolving toward silicic compositions (e.g., Davì
et al., 2010; Peccerillo and Frezzotti, 2015; Andersen et al.,
2017). The extreme evolution of such magmatic systems toward
rhyolitic s.l. compositions, often leads to large-volume and high-
energy caldera-forming eruptions (e.g., Jellinek and de Paolo,
2003; Cashman and Giordano, 2014). Despite the very low aspect
ratio of mafic magma reservoirs, also the associated volcanic
edifices can be affected by calderas. One of the best examples
is represented by Etna volcano, which underwent repeated
caldera-forming episodes at the ends of periods of huge magma
withdrawal from its shallow reservoirs [“Il Piano” (15 kyrs), 122
b.C. eruption and 1669 eruption calderas; Coltelli et al., 1998;
Nicotra and Viccaro, 2012b]. Other famous, and in some cases
similar, examples are the Kilauea, Piton de la Fournaise and some
volcanoes of Galapagos and Canary archipelagos (e.g., Fontaine
et al., 2014; Harpp and Geist, 2018; Kennedy et al., 2018; Albert
et al., 2019; Sainz-Maza Aparicio et al., 2019). Nonetheless, the
mechanisms controlling the caldera formation at mafic systems,
usually drawn as a sequence of melt lenses or stacked sills at
different depths of the magmatic plumbing system (e.g., Marsh,
1996; Annen and Sparks, 2006; Gudmundsson, 2012; Nicotra
et al., 2018), are still poorly understood.

Within the last 130 kyrs of its volcanic activity, the
morphology of the island of Vulcano deeply changed due to
several caldera-forming stages, finally leading to the formation
of the two calderas of “Il Piano” and “La Fossa” (Figure 1).

In particular, the re-activation of the “Il Piano” caldera is usually
associated to some small-volume, but highly energetic, eruptions
developed between 48 and 21 kyrs on its caldera rims (i.e.,
Monte Luccia, Spiaggia Lunga, Quadrara Formations; Figure 1).
The most voluminous (ca. 0.1 km3) and best preserved of them
is certainly that of Spiaggia Lunga (Figures 1, 2; ca. 24 kyrs;
Soligo et al., 2000). One of the most intriguing features of these
eruptions is the similarity of their products, having all erupted
massive reddish and strongly welded scoriae with a shoshonitic
affinity. Similar volcanic deposits have been also successively
erupted later on at Monte Saraceno, on the southern border of the
caldera of “La Fossa” (ca. 8 kyrs; De Astis et al., 2013). The welded
scoriae of Vulcano, especially those of Spiaggia Lunga, have been
subject to different interpretations of their eruptive mechanisms,
being considered as trachybasaltic ignimbrites (Keller, 1980;
Gioncada and Sbrana, 1991) or, alternatively, as the products of
a strong Strombolian activity, forming a clastogenic lava flow on
the western slope of the island (Figure 1; De Rosa et al., 1988; De
Astis et al., 2013). According to both interpretations, the strong
welding of the deposits gives them a “lava-like” aspect. However,
despite the great similarity of the Monte Luccia, Spiaggia Lunga,
and Quadrara deposits and the similar topographic position
along the ring faults of the caldera of “Il Piano,” the possible
relationship between these eruptive events and the episode of
caldera formation has not been analyzed in detail.

The present study is focused on the reconstruction of the
pre- and syn-eruptive magma dynamics acting into the plumbing
systems of these eruptions, their eruptive scenarios and possible
role in triggering episodes of caldera collapse. These purposes
have been pursued by means of multi-disciplinary studies joining
the volcanological field survey with petrographic observations,
textural and compositional (EMPA) studies on plagioclase
crystals and whole rock compositions (XRF).

VOLCANOLOGICAL BACKGROUND

The Island of Vulcano
Vulcano is the southernmost island of the Aeolian archipelago, a
volcanic arc located between the back-arc oceanic basin of Marsili
and the continental foreland Calabrian arc. Aeolian islands are
the result of the subduction of the Mesozoic Ionian slab beneath
the Calabrian arc, as testified by the presence of a NW-dipping
Benioff zone under the arc (e.g., Barberi et al., 1974; Gasparini
et al., 1982; Ellam et al., 1989). Seismicity observed in this area
is attributed to the passive subduction and de-hydration of a
detached slab, which would be also the cause of the Aeolian
volcanism in a context of post-subduction extensional tectonic
regime (Wang et al., 1989; Crisci et al., 1991; Esperança et al.,
1992; Gvirtzman and Nur, 1999). The islands of Vulcano, Lipari
and Salina, in the central portion of the archipelago, are affected
by NNW–SSE-striking faults (Tindari–Letojanni Fault System; cf.
Barberi et al., 1994; Ventura, 2013) and are located above a 15–
20 km thick continental crust (De Ritis et al., 2013) consisting
of the Hercynian metamorphic and granitic rocks and Mesozoic
sediments of the Calabrian basement (Keller, 1980; Del Moro
et al., 1998; Frezzotti et al., 2004).
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FIGURE 1 | Geological sketch map of the island of Vulcano (from De Astis et al., 2013). The studied areas of Monte Luccia, Spiaggia Lunga and Quadrara are
indicated. vc = volcano-tectonic collapse. White letters in black box are referred to the stratigraphic columns of Figure 5.

The subaerial portion of the island of Vulcano is part of
a wider complex including the islands of Lipari and Salina,
developed along a graben-like structure controlled by the NNW-
SSE strike-slip Tindari-Letojanni fault system (e.g., Ventura,
2013; Ruch et al., 2016). The subaerial activity at Vulcano covers
the last 127 kyrs, and spatially shifted with time from south
toward north. In the eruptive history of Vulcano De Astis
et al. (2013) distinguished 8 Eruptive Epochs (EEs; cf. Figure 1)
separated by 6 different volcano-tectonic (vc) collapses, which
produced the multi-stage calderas of “Il Piano” and “La Fossa.”

The first vc1 collapse occurred at about 100 kyrs during the
EE3 and produced the main depression of the “Il Piano” caldera
(Figure 1). It was followed by the vc2 collapse, which formed
the southern border of the younger “La Fossa” caldera. The vc3
collapse was internal to the “Il Piano” caldera, in the area of Piano

di Luccia (Figure 1), and it is supposed to have formed between
70 and 42 kyrs. While vc4 and vc6 collapses were related to the
“La Fossa” caldera, the vc5 collapse is a tardive volcano-tectonic
vertical movement occurred (probably) between 24 and 21 kyrs
and reactivating the western rim of “Il Piano” caldera (Figure 1;
De Astis et al., 2013).

The Welded-Scoriae Enigma
The present work focuses on blankets of mafic-intermediate
welded scoriae outcropping in different areas of the island of
Vulcano dated between 48 and 21 kyrs (Figures 1–4), whose
relationships and stratigraphic position has been a matter of
debate during the last 40 years, mainly due to the lack of certainty
in absolute dating. Following De Astis et al. (2013) we will adopt
the “classical” names of these deposits, related to the locus of
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FIGURE 2 | Photos of Punta Luccia area, along the northern coasts of Vulcano island. (A) Panorama of the Monte Luccia formation; here the welded scoriae reach
25 m of thickness. (B) Detail photo of the Monte Luccia Formation, with indication of the dilute PDCs deposits at its base.

the best-preserved stratigraphy, i.e., Monte Luccia (ML), Spiaggia
Lunga (SL), and Quadrara (Qu) formations. Before and after
these eruptive periods, other welded scoriae have been erupted at
Vulcano island (e.g., Monte Aria, Passo del Piano, La Sommata,

Monte Saraceno; cf. De Astis et al., 2013); however, each of
these eruptive events presents different and peculiar features and
compositions with respect to the more homogeneous ML-SL-
Qu sequences.
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FIGURE 3 | Photos of various areas of Spiaggia Lunga deposits. (A) Panoramic photos of the southern cliffs of Vulcano island; at its top the SL blanket, whose
thickness increases from Capo Secco (south) to Punta di Capo Secco (north). (B) Particular of SL deposits. (C) “Lava-like” portion of the SL deposits. (D) Proximal
area of SL deposits in a 10 m thick succession: it is possible to see the variation of welding from distal (left) to more proximal (right) portions of the deposit.
(E) Particular of the base of the succession of SL deposits at Punta di Capo Secco. A metric block produced a bomb sag on the soft cross-laminated underlying
deposits of dilute PDCs. (F) Proximal area of SL Formation, at the top of Monte Saraceno: the two different portions of the outcrops, with different degree of welding,
are very evident. At the top, Saraceno ftn. Is overlying with angular unconformity. (G) Lower portion of the deposits of SL in the same location of (F). It is still possible
to recognize an agglutinated spatter block.
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FIGURE 4 | Panoramic view of the Quadrara Formation, in the southernmost area of Vulcano island. Deposit can be divided into the wp (white pumices) and WS
(welded scoriae) portions.

Keller (1980) defined blankets of welded scoriae the
pyroclastic deposits outcropping at Monte Luccia, Spiaggia
Lunga, and Quadrara areas, and considered all of them in the
same stratigraphic position. He described these products as “lava-
like banks” covering a pre-existing morphology which, toward
their marginal and top portions, turn in deposits with coarse
eutaxitic “fiamme” structures and then in less agglutinated scoriae
and bombs. Keller (1980) interpreted these features as related
to the deposition of trachybasaltic ignimbrites, with gas-rich
magma erupted as hot pyroclastic flow during the collapse of
segments of the “Il Piano” caldera. Such interpretation has been
also embraced later by Gioncada and Sbrana (1991).

De Rosa et al. (1988), studying the SL welded scoriae
(Figure 2), related these deposits to a low-energy fissure eruption
along a segment of the “Il Piano” caldera. During the initial stages
of the eruption magma interacted with external water, whereas at
the climax a purely magmatic eruption led to the craterization of
the fissure and very rapid drainage of the uprising magma.

The stratigraphic position of these formations has been
discussed by De Astis et al. (1989), which gave an age of
48.5 ± 6.5 kyrs for ML deposits. The authors hypothesized also
a stratigraphic continuity between the top of SL deposits and
the base of Lentia dome (ca. 15 kyrs), linking them with two
phases of collapse of the “La Fossa” caldera. According to De Astis
et al. (1989) and in contrast with the Keller (1980) hypothesis,
the ML-SL-Qu deposits would belong to three different eruptions
and, therefore, occupy three different stratigraphic positions.
Further U/Th absolute dating of Soligo et al. (2000) did not allow
to definitively assess the different stratigraphic position for the
Spiaggia Lunga (24.0 ± 5.0 kyrs) and Quadrara (21.3 ± 3.4 kyrs)
Formations, due to the overlapping ages.

Recently, the ML welded deposits (Figure 3) have been
attributed by De Astis et al. (2013) to Strombolian-Hawaiian
explosive activity, coupled with a density-stratified scoria flow.
This would be consistent with the lentiform geometry of the

unit, its valley-ponding thickness variations, a well-developed
foliation and the homogeneous SW-NE magnetic fabric found
by Zanella et al. (2001). Furthermore, these authors recognized
a lithic-rich horizon in the medial portion of the outcrop, and
a cross-laminated tuff layer at the base of the unit, related to
a short-lived phreatomagmatic phase that produced a sequence
of discontinuous dilute PDCs. A similar deposit has been
recognized also at the base of SL (Figure 2E; De Astis et al., 2013).
Here, the activity continued with open-conduit-related, lithic-
rich deposits and evolved into intense Strombolian explosive
activity. Also in this case, a slight valley-ponding thickness
variation, together with the homogeneous magnetic fabric and
SE-NW magnetic lineation recognized by Zanella et al. (2001),
led to the interpretation of SL deposits as due to a fountain-fed
fallout coupled with scoria flow movements. De Astis et al. (2013)
recognized for the first time an epiclastic breccia layer within the
SL sequence. The same depositional mechanism has been also
hypothesized for the Qu sequence (Figure 4), which at its base
shows inversely graded biotite-bearing light pumices, gradually
passing into a scoria blanket (De Astis et al., 2013), suggesting
the progressive tapping of a zoned magma reservoir during the
Quadrara eruption.

SAMPLING AND ANALYTICAL METHODS

A volcanological survey and a sampling campaign were carried
out on all the deposits of welded scoriae belonging to
the ML-SL-Qu Formations (Figures 1–4). As a whole, 43
representative rock samples were collected from 9 volcano-
statigraphic columns (Figure 5).

Whole rock data for all the collected samples are reported
in Table 1. Whole rock compositions in terms of major and
some trace elements were obtained at the Dipartimento di
Biologia, Ecologia e Scienze della Terra of the University
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FIGURE 5 | Stratigraphic successions of the studied eruptive events. The location of each column is indicated by the capital white letter in the black box of Figure 1.

of Calabria (Italy) by means of a Bruker S8 Tiger XRF
spectrometer on powder pellets with matrix effect corrections.
The precision, measured as percentage difference between
certified and measured composition of standards analyzed as
unknown samples, was always <5% for major elements and 10%
for trace elements. FeO was determined by titration. Loss on
ignition was determined by gravimetric methods and corrected
for Fe2+ oxidation. The sum of oxides was always higher than
98%. All the analyses were re-calculated for a sum of 100%.

On 25 selected rock samples, polished thin sections were
obtained. Mineralogical and petrographic observations were
performed by means of optical and polarized microscope.
Compositional core-to-rim profiles were executed on 23
plagioclase crystals on polished, graphite-coated thin sections
by means of Electron MicroProbe Analyzer (EMPA). Plagioclase
crystals were selected on the basis of the representativeness
of their texture within each sample. Only phenocrysts were
considered for this type of analysis; in this regard, the plagioclase
xenocrysts of Monte Luccia and the xenocrystic cores occurring
in Spiaggia Lunga welded scoriae were not taken into account for
textural and compositional analysis. All compositional data on
plagioclase are reported in Supplementary Material. We used the
JEOL JXA-8230 of SILA-CM2 lab at the University of Calabria,
equipped with 5 WDS and one EDS spectrometers. WDS analyses
were carried out with an accelerating voltage of 15 kV and probe

current of 10 nA. Count times were of 15 s for Na and 30 s for
other elements.

FIELD DATA

Monte Luccia Formation (ML)
Monte Luccia formation (48.5 ± 6.5 kyrs; De Astis et al., 1989)
crops out on the northern and central portion of the island, where
the rim of the “Il Piano” caldera is cut by that of the “La Fossa”
(Figure 1). It consists of a pyroclastic succession with variable
thickness from 3 m at the top of Monte Luccia up to 25 m at its
base (Figure 3). Welded scoriae overlie a 0.5–1 m thick cross-
laminated tuff layer (Figure 3B), generated by dilute PDCs, and
by a level of altered breccia, whose thickness increases in the
morphological depressions. The main portion of ML is made up
by a blanket of reddish scoriaceous bombs, from very (at the base)
to poorly welded (at its top). At the very top of the layer it is
possible to distinguish each single lava spatter shred. The deposits
are covered by the Grotta dei Palizzi Formation belonging to the
“La Fossa” hystorical activity (cf. De Astis et al., 2013).

Spiaggia Lunga Formation (SL)
Among all the outcrops of welded scoriae at Vulcano island,
those of the Spiaggia Lunga Formation (24.0 ± 5.0 kyrs;

Frontiers in Earth Science | www.frontiersin.org 7 June 2020 | Volume 8 | Article 223

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-08-00223
June

18,2020
Tim

e:17:40
#

8

N
icotra

etal.
S

m
allC

aldera-Form
ing

E
ruptions

atVulcano
Island

TABLE 1 | Whole rock composition for the considered eruptive events.

Formation Mt.
Luccia

Mt.
Luccia

Mt.
Luccia

Spiaggia
Lunga

Spiaggia
Lunga

Spiaggia
Lunga

Spiaggia
Lunga

Spiaggia
Lunga

Spiaggia
Lunga

Spiaggia
Lunga

Spiaggia
Lunga

Spiaggia
Lunga

Spiaggia
Lunga

Spiaggia
Lunga

Spiaggia
Lunga

Type wd wd pdc wd wd wd wd wd scoriae wd wd wd wd wd wd

Sample VL18_58 136 135/3 120 VL18_51 114 VL18_22 VL18_21 163 161 VL18_43 VL18_45 VL18_44 156 154/1

SiO2 52.8 52.0 50.5 49.8 50.3 50.9 51.2 52.0 48.6 51.3 52.4 53.2 54.0 48.3 48.3

TiO2 0.68 0.72 0.84 0.84 0.78 0.69 0.77 0.80 0.86 0.67 0.65 0.69 0.71 0.68 0.70

Al2O3 17.0 19.0 16.4 19.8 18.4 18.7 19.3 16.6 18.6 20.3 21.6 18.5 17.9 22.1 19.6

Fe2O3 5.71 5.63 10.42 6.39 6.02 3.79 8.75 7.00 8.49 5.40 7.14 7.85 6.34 7.64 6.24

FeO 3.02 2.69 2.40 3.57 3.75 3.84 1.20 3.00 1.90 1.55 0.48 0.49 1.75 0.17 1.96

MnO 0.16 0.13 0.13 0.21 0.17 0.22 0.16 0.17 0.28 0.43 0.13 0.14 0.17 0.16 0.17

MgO 3.66 3.00 2.58 3.36 3.71 3.01 3.00 4.32 3.96 1.96 1.77 2.81 3.33 2.02 3.01

CaO 7.02 5.48 4.79 7.48 7.55 6.08 7.60 8.84 8.77 5.99 5.43 6.72 6.93 6.60 7.06

Na2O 2.78 2.75 1.76 2.12 2.69 2.78 2.69 2.94 2.60 2.46 2.53 2.99 2.92 2.17 4.11

K2O 3.51 3.65 2.59 2.76 2.74 2.87 2.78 2.93 2.44 3.07 3.45 3.33 3.21 3.22 2.67

P2O5 0.32 0.31 0.56 0.26 0.29 0.33 0.30 0.29 0.29 0.36 0.35 0.37 0.33 0.34 0.32

Ba 763 770 n.a. 785 776 851 801 831 786 997 887 892 903 740 722

Ce 122 85 n.a. 84 77 73 98 72 100 110 90 102 102 100 102

Co 42 n.a. n.a. n.a. 32 n.a. 36 37 n.a. n.a. 16 23 26 n.a. n.a.

Cr 67 51 n.a. 20 23 16 21 25 15 13 14 14 13 11 10

La 61 43 n.a. 47 48 44 45 37 43 49 52 59 67 42 43

Nb 15 12 n.a. 7 9 7 9 7 6 10 13 12 13 6 6

Ni 31 24 n.a. 20 22 41 14 22 22 37 17 22 18 16 22

Pb 20 n.a. n.a. n.a. 16 n.a. 12 19 n.a. n.a. 9 15 15 n.a. n.a.

Rb 104 111 n.a. 62 68 55 41 62 52 91 110 100 71 70 56

Sr 936 735 n.a. 1075 1131 1526 1134 1322 1282 958 943 1280 1153 969 1137

V 240 245 n.a. 277 280 297 231 292 292 117 113 163 214 209 223

Y 31 33 n.a. 56 36 29 40 19 29 45 46 24 28 69 31

Zr 123 122 n.a. 109 101 109 102 99 105 126 132 134 137 98 100

(Continued)
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TABLE 1 | Continued

Formation Spiaggia
Lunga

Spiaggia
Lunga

Spiaggia
Lunga

Spiaggia
Lunga

Spiaggia
Lunga

Spiaggia
Lunga

Spiaggia
Lunga

Quadrara Quadrara Quadrara Quadrara Quadrara Quadrara Quadrara

Type wd wd wd wd wd scoriae Bomb wd wd wd wd pumice pumice pumice

Sample 154 VL18_9 VL18_8 VL18_7 VL18_6 SL2 VL18_5 VL18_32 VL18_16 173 174 VL18_13 VL18_11 172

SiO2 50.2 50.3 51.6 51.4 51.7 50.9 50.3 53.4 54.5 55.5 55.8 59.0 59.5 59.9

TiO2 0.71 0.78 0.74 0.75 0.74 0.88 0.82 0.77 0.82 0.82 0.79 0.55 0.46 0.52

Al2O3 19.0 17.9 17.9 18.4 17.7 17.0 16.8 16.6 16.7 17.5 17.6 17.3 18.8 18.1

Fe2O3 7.75 7.75 7.29 8.02 7.43 7.54 8.37 4.81 9.05 7.44 7.71 5.45 3.46 3.55

FeO 0.76 2.21 1.94 1.66 2.01 3.45 2.65 4.92 0.59 0.66 0.12 0.57 1.34 1.26

MnO 0.18 0.16 0.17 0.17 0.18 0.21 0.30 0.19 0.15 0.16 0.15 0.18 0.12 0.17

MgO 2.85 3.35 3.40 3.45 3.31 4.21 4.23 3.37 3.39 2.89 2.88 2.00 1.15 1.57

CaO 9.36 8.72 8.28 7.84 8.02 8.71 9.48 7.63 6.83 6.14 5.96 3.97 2.33 2.93

Na2O 5.01 2.77 3.39 2.93 3.15 2.96 2.89 2.92 3.12 3.43 3.42 4.04 1.95 3.83

K2O 2.74 2.77 2.88 2.73 3.09 2.99 2.84 4.37 3.81 4.31 4.42 5.05 3.49 5.11

P2O5 0.43 0.36 0.40 0.35 0.39 0.31 0.28 0.46 0.37 0.40 0.40 0.24 0.20 0.21

Ba 780 817 850 797 873 896 935 1123 910 929 934 1100 1069 n.a.

Ce 83 67 81 73 84 71 70 106 102 115 115 99 118 n.a.

Co n.a. 28 30 32 34 34 42 34 26 n.a. n.a. 9 4 n.a.

Cr 10 12 n.a. 16 14 19 17 n.a. n.a. 0 0 n.a. n.a. n.a.

La 42 40 41 36 53 52 37 60 59 50 51 53 49 n.a.

Nb 6 11 10 9 6 6 9 20 14 12 13 20 21 n.a.

Ni 16 17 24 21 22 25 22 16 6 7 6 10 7 n.a.

Pb n.a. 11 11 11 11 13 12 25 13 n.a. n.a. 45 24 n.a.

Rb 27 26 24 31 57 59 69 129 106 132 133 167 134 n.a.

Sr 1178 1284 1310 1221 1348 1136 1431 1348 1245 1175 1156 1113 866 n.a.

V 191 264 243 273 265 349 293 268 187 158 144 78 63 n.a.

Y 27 30 28 25 29 26 26 26 26 27 29 35 30 n.a.

Zr 95 102 99 99 97 140 104 144 146 157 153 196 212 n.a.

Wd, welded scoriae. Supplementary Material – Core-to-rim compositional profiles on 23 selected plagioclase crystals.
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Soligo et al., 2000) are the best preserved and most voluminous.
The deposits of this eruption are widely distributed on the eastern
parts of the island, following the shape of the eastern rims of the
“Il Piano” and “La Fossa” calderas (Figure 1).

The most voluminous and best-preserved flow units are
located at the intersection of these two caldera systems,
in correspondence of the cliffs of “Punta di Capo Secco”
(Figures 1, 2, 5). The base of this outcrop is constituted by 4
m of thickly bedded, planar to wavy and cross-laminated, thin
(<10 cm) ash deposits (Figures 2D,E, 5), carrying some lithics
(up to 17–18 cm) and having bomb sags with a N110◦E direction,
that can be clearly attributed to a dilute PDC. These PDC deposits
are typically characterized by a high frequency of thin layers
rich in juvenile fragments and accretionary lapilli and of crustal
xenoliths of leuco-monzogabbro (cf. Faraone et al., 1986) up-to-
25 cm in size. Such features suggest that these PDC could have
a phreatomagmatic origin, in which country rocks have been
carried out at the surface together with the magmatic component.
Toward the top, these deposits (Figures 2E, 5) end with a 0.5 m
thick layer very rich in brecciated lithics (crustal and volcanics)
and juvenile bombs (up to 10 cm; Figure 2E) generating bomb-
sags with a N110◦E direction of provenance. Due to these
features, this layer can be interpreted as an opening breccia.

The main portion of the SL is constituted by a 25 m thick
massive layer made up by mildly welded to strongly welded or
“lava-like,” scoriaceous deposits (Figures 2, 5). The degree of
welding clearly varies with the thickness of the deposit. Following
the cliff of this outcrop from “Punta di Capo Secco” to “Capo
Secco” promontory (from north to south; Figure 1), the deposit
changes progressively from “lava-like” (up to 25 m of thickness)
to strongly welded in the intermediate portions (ca. 15 m of
thickness) and finally to mildly or weakly welded where thickness
is lower than 10 m. Vitric, elongated structures, interpreted by
Keller (1980) as fiammae, were recognized in the basal and top
portion of the deposit. Conversely, our field evidence suggests
that “fiammae-like” structures found at the bottom and the top
of SL are the agglutinated surfaces of each bomb, stretched
and ripped off by the growing thickness of the deposit. In the
upper part of “Punta di Capo Secco” outcrop, at about 5 m
from the top, a 1 m thick deposit of fine and lithic-rich ash is
interbedded in the welded scoriae of SL. It corresponds to the
“epiclastic breccia layer” of De Astis et al. (2013), and it has
been also found in the Grotta dei Pisani area (Figures 1, 5),
at highest elevation, where the dimensions of brecciated lithics
are larger. At “Punta di Capo Secco” the succession is closed
by the brecciated deposits of the Lentia domes (ca. 15 kyrs;
De Rosa et al., 2003).

The SL deposits also crop out on the high western flank of Mt.
Saraceno (Figures 1, 2F,G), on a 25◦ steep slope. Here, above the
cross-laminated PDCs deposits, two portions can be identified
(Figure 5). The lowermost portion is constituted by a 1 m thick
layer of mildly to strongly welded scoriae and bombs, where the
single ballistic fragments can still be recognized (Figure 2G). The
uppermost is a 5–8 m thick “lava-like” deposit very similar to
those of “Punta di Capo Secco” (Figure 2F). The stratigraphic
and topographic position, joined to the depositional features,
lead to consider these deposits as proximal. These two layers

are separated by a very thin (<1 cm) deposit of fine ash, also
outcropping in the “Grotta dei Pisani” area (Figure 5), and
corresponding to the inter-layered epiclastic breccia deposits
recognized by De Astis et al. (2013) in the SL succession.

Quadrara Formation (Qu)
The Quadrara Formation (21.3 ± 3.4 kyrs; Soligo et al., 2000)
crops out on the southernmost portion of the “Il Piano” caldera,
mantling the outer border of the volcanic edifice (Figures 1, 4).
This Formation, related to a single eruptive event, starts with few
centimeters of fine ash laminated beds rich in lithics followed
by 1 m thick layer of inversely graded and biotite-bearing white
pumices (Figure 4). Although at “Faro Vecchio” it seems that
white pumices progressively grade into the overlying mildly
to strongly welded blackish scoria deposit, at “Quadrara” and
“Timpone del Corvo” areas a layer of very fine unsorted and
ungraded ash separates the pumice layer from the upper scoria
deposit (Figure 5).

WHOLE ROCK GEOCHEMISTRY

Whole rock geochemistry of the analyzed welded scoriae at
Vulcano island confirms that all the products belong to the
shoshonitic series, coherently with literature data for rocks of
these eruptive epochs (Keller, 1980; De Astis et al., 1997; De Astis
et al., 2013; Nicotra et al., 2018). On the whole (Figure 6A), the
considered samples mainly plot into the shoshonitic basalt and
shoshonite fields, with only the pumice of Qu and some samples
of SL which show latitic composition.

It is worth of note that whole rock composition of samples
of SL at Capo Secco (Figures 1, 2, 5) tends to be slightly less
evolved from the base to the top of the succession (Figure 6C
and Table 1). A significant variation is also shown by some trace
elements, such as Ba and Nb, which, from the bottom to the top
of the succession, decrease and increase, respectively. By contrast,
the SL samples of the western flank of Mt. Saraceno (VL18-
43/45/44; Table 1) show fairly constant compositions, similar
to those of the deposits at the base of Capo Secco succession
(K2O = 3.2–3.4 wt%). Within the sequence of Quadrara, the white
pumices at the base of the succession show the most evolved
compositions, being classified as latite (Figure 6A). Conversely,
in the dark scoriae above the cm-thick epiclastic layer, whole rock
compositions tend to be gradually more basic. The diluted PdC
deposit at the base of Monte Luccia is slightly less evolved and
Ca-rich than the overlying scoriae (Figures 6A,B).

Spider diagram normalized to Primordial Mantle (Figure 6D)
shows a superimposition of the patterns of all the samples, with
only the Quadrara latites slightly more enriched in Rb, Ba, Nb, K,
Zr, and depleted in P and Ti.

PETROGRAPHY AND MINERAL
CHEMISTRY

Petrographic analysis has been carried out on most representative
samples of the considered formations, including also the dilute
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FIGURE 6 | Whole rock diagrams for the collected rock samples. (A) Peccerillo and Taylor (1976) classificative diagram; (B) CaO vs. SiO2 variation; (C) variation of
SiO2 content with stratigraphic height in the different sampled outcrops; (D) primordial mantle- normalized (Sun and McDonough, 1989) spider diagram of
incompatible elements contents.

PDCs and pumice samples which preceded the emplacement
of welded scoriae.

One of the most intriguing features is that the most welded
part of each formation, especially in the central portion of
SL, exhibits a “lava-like” texture also at microscopic scale.
Less welded deposits have a more scoriaceous structure, often
characterized by the unique presence of rapidly chilled and
highly vesiculated glass. Although characterized by a strong
vesiculation due to syn- and post-eruptive degassing, the most
welded deposits generally have a porphyritic structure, with a
variable porphyritic index (P.I. in vol%) that ranges from 5 to 45%
(ML = 10–15%; SL = 35–45%; Qu = 5–15%). Groundmass varies
from hypo-crystalline to aphanitic and from micro- to crypto-
crystalline; it is often intersertal, with only some small portions
having a fluidal displacement of their micro-crystals.

The mineral assemblage is that typical of basaltic products,
with phenocrysts of plagioclase (0–57 vol%), clinopyroxene
(10–57 vol%), olivine (3–25 vol%), and opaque oxides (3–8
vol%). The pumice and scoriae of Qu deposits have also biotite
phenocrysts (up to 10 vol%), whose content decreases from the

bottom to the top of the succession. The presence of cumulitic
aggregates of clinopyroxene (± plagioclase ± olivine) has been
detected especially in the SL formation, with a maximum size of
approximately 2400 µm in samples VL18-5 (at the bottom of the
volcano-stratigraphic succession).

Plagioclase phenocrysts are generally euhedral, with normal
zoning and always twinned. Within the considered volcano-
stratigraphic units, only SL presents plagioclase phenocrysts in
equilibrium with the surrounding melt. Plagioclase is absent
in Quadrara deposits, whereas in the ML scoriae only rare
(<5 vol%) relicts of deeply altered (often with sericitization
processes) and dissolved plagioclase were found (i.e., xenocrysts).
SL deposits also present rare (<5 vol%) xenocrysts or xenocrystic
cores, especially in the samples at the bottom of the welded
scoriae succession (VL18-5 and SL2 samples; Figure 5).
Numerous broken plagioclases have been observed within the
VL18-5 and SL2 samples, which are two bombs deforming the
underlying PDCs dilute deposits (Figure 5).

Clinopyroxene crystals are mostly euhedral, ranging between
0.5 and 2 mm in dimensions; they are augitic in composition
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and often show several layers of melt inclusions aligned
along crystallographic directions. Olivine occurs as euhedral to
subhedral phenocrysts, with small grain size (up to 1 mm), and
often characterized by iddingsitic post-emplacement alteration.
Biotite in Qu Formation is clearly euhedral in the lower
white pumice layer, whereas it occurs as antecrysts surrounded
by vesiculated colorless glass in the overlying scoriaceous
grayish deposits.

PLAGIOCLASE TEXTURAL AND
COMPOSITIONAL FEATURES

Despite core-to-rim profiles on plagioclases of SL present a wide
compositional interval [An43−80 (Supplementary Material)], if
the whole length of the transects is considered (ca. 16,629 µm;
cf. Supplementary Material) most of it (ca. 71%, 11,750 µm)
show a main composition ranging An60−65 (e.g., Figure 7A).
This feature highlights the occurrence of a population of An60−65
plagioclases crystallizing from the same magma reservoir, with
the remaining ca. 30% of crystals being perturbed by the magma
dynamics occurring prior and during the eruptive event. For SL
eruption, these processes, and the related eruptive scenarios, have
been studied through the integration of textural investigations
and core-to-rim compositional profiles of plagioclase crystals
(Figure 7). Such analysis led to the identification of four
main plagioclase textures, often coexisting in the same crystal,
namely (Figure 7): (I) Oscillatory Zoning (OZ); (II) Resorbed
Cores/Crystals (RC); (III) Envelopes of Resorption (ER); (IV)
crystals with alignments of Melt Inclusions (MI). For each
sample, textures of all the plagioclase crystals with an apparent
length of the c-axis greater than 500 µm (ca. 2000 crystals) were
also identified and classified (Figure 8).

Plagioclases with oscillatory zoning (OZ) are characterized
by small oscillations of the An content in the compositional
interval An58−65, as also suggested by the optical features of
the crystal. Core-to-rim compositional profiles have evidenced
the presence of two different amplitudes of oscillation of the
An content, ranging from ∼1An1−3 and ∼1An5−7 (Figure 7).
On the whole, the FeO content exhibits a flat, saw-tooth pattern
with very narrow variations (up to 0.3 wt%), which remains
constant for the whole profile (Figure 7A). Phenocrysts with
OZ as unique texture are generally rare, and limited to crystals
having a maximum length of 600–700 µm. More frequently,
this texture represents only a portion of the crystal. The average
compositions of OZ segments range in the narrow interval
An58−65 (cf. Supplementary Material and Figure 7), resulting
in more or less flat profiles interrupted by peaks or bands of
more anorthitic compositions related to other textures (Figure 7).
In some crystals (e.g., VL18-9 Pl 20; Figure 7A), although
oscillatory zoning presents very little variations (1An1−2), the
final transects present a total decrease of 1An8. The frequency
of crystals with only OZ in the whole sequence of SL ranges
between 5 and 27%, with an apex reached at the base of the welded
layer (VL18-6 and VL18-44 samples) and a progressive decrease
toward the top of the succession (Figure 8).

Resorbed crystals (RC) of plagioclase are characterized by
the resorption of the entire crystals or of most of their cores
(Figure 7B) and re-crystallization of glass. The degree of
resorption is very variable, and results in different textures, from
small (10–20 µm) pockets of glass (Figure 7C) aligned along
the c-axis direction, to crystals entirely resorbed and deeply
fractured (Figure 7B). At the end of the event of resorption,
plagioclase texture is again OZ, often super-imposed by other
growth/dissolution textures. In the residual portions of the
crystal, compositional profiles show a marked saw-tooth pattern
of the An content at fairly constant FeO, with variation in the
order of 1An7−10 with respect to the normal An60−65 range
(Figures 7B,C). Although in the considered successions this
texture presents a wide range of frequency (2–75%; Figure 8), it is
dominant only within a bomb at the base of the SL sequence (SL-
2 sample, up to 75%). Conversely, it is stable at 20–30% in the
upper part of the stratigraphic succession (Figure 8), and below
10% in the sequence of Mt. Saraceno East.

Plagioclases affected by the development of Envelopes of
Resorption (ER) are characterized by levels (up to 80 µm
thick) of dusty sieve-textures arranged along the plagioclase
growth planes. In correspondence of the micrometric-sized
isolated and/or interconnected “pockets” of glass, compositional
variations of An and FeO contents are observed (Figure 7C).
The envelopes of resorption are located at various regions of the
crystal, often proportionally to the size of the crystal: in general,
the bigger the crystal, the more internal the envelope. Core-to-
rim compositional profiles of plagioclase with ER are generally
characterized by an increase of 1An10−12, which generates An
peaks up to An72−79. FeO content could have a concordant
increase (up to 0.6 wt%) or remaining fairly constant. In all the
considered volcano-stratigraphic successions, the abundance of
this texture increases (from 10 to 35%) from the bottom to the
top of the deposit (Figure 8).

Oscillatory zoning is often super-imposed by alignments of
Melt Inclusion (MI) (Figure 7D). These layers are characterized
by thin (few micrometers) alignments of inclusion of melt,
presenting different shapes and arranged along crystallographic
directions parallel to the growth planes of the crystal (Figure 7D).
In correspondence of the alignment of MI a strong increase in
the An content (up to 1An15) at constant FeO (Figure 7E)
is observed. When MI alignments and ER textures occur in
the same crystal, MI are always in more internal position.
Furthermore, more than one envelope of MI can be found within
a single crystal (up to 7 in VL18-6 and VL18-51 samples). This
texture is by-far the more abundant within all the considered
samples (Figure 8). In particular, it is dominant in the samples
at the bottom of the succession (up to 79%) and tends to decrease
its abundance toward the top of the deposit (Figure 8).

DISCUSSION

Plagioclase Textures vs. Pre-eruptive
Dynamics
During the last 20 years, the technological advancement
of microanalytical investigations of volcanic products shed
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FIGURE 7 | High-contrast and back-scattered images of some representative plagioclase crystals, together with their core-to-rim EMPA/WDS profiles (steps of 5–10
µm). (A) Oscillatory zoned (OZ) plagioclase with Melt Inclusion Layers (MIL): in correspondence of the inclusions a peak of ∼1An10 is registered, at fairly constant
FeO. (B) Plagioclase showing a Totally Resorbed Core (TRC) and Enveloped Rims (ER) textures. (C) Mildly resorbed Plagioclase crystals (MRC) with a coarsely
sieved core, characterized by two layers of ER. (D) Plagioclase crystal with three layers of melt inclusions toward the rim of the crystal.
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FIGURE 8 | Frequency of phenocrysts (>500 µm) plagioclase textures in the samples of each eruptive unit. Numbers above each histogram represent the number
of counted crystals.

light on the way of how magmas store, rise up and
interact with other magmas prior and during an eruption
(Nelson and Montana, 1992; Pearce, 1994; Singer et al., 1995;
Davidson and Tepley, 1997; Clynne, 1999; Streck, 2008; Viccaro
et al., 2010, 2016; Kahl et al., 2013; Di Muro et al., 2014;
Nicotra et al., 2014, 2018; Ubide and Kamber, 2018; Di Stefano
et al., 2020). Indeed, the main phenocrystic phases such as
plagioclase, clinopyroxene, olivine, and oxides develop specific
textures as a response to any little change of physical and chemical
conditions of melts (P-T-X-H2O) in which they are crystallizing
(Anderson, 1984; Kawamoto, 1992; Nelson and Montana, 1992;

Pearce, 1994; Singer et al., 1995; Davidson and Tepley, 1997;
Clynne, 1999; Tepley et al., 1999; Streck, 2008; Viccaro et al.,
2010, 2016; Kahl et al., 2013; Nicotra and Viccaro, 2012a,b;
Nicotra et al., 2014, 2018; Ubide and Kamber, 2018). Although
a lot of work is still needed, the routinary utilization of this
microanalytical investigation within the process of analysis of an
eruptive event could give an important effort to the assessment
and mitigation of volcanic risk. In this paper we use textural and
compositional analysis on plagioclase crystals in order to relate
the volcanological features observed in the SL welded scoriae at
Vulcano island with the pre- and syn-eruptive processes leading
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to their formation. Textural and compositional analysis on the
welded scoriae of Spiaggia Lunga allowed the identification of
four main plagioclase textures (Figure 7), namely: (I) Oscillatory
Zoning; (II) Resorbed crystals; (III) Envelopes of resorption; (IV)
Crystals with alignments of melt inclusion.

Oscillatory zoning (OZ) in plagioclase crystals is characterized
by small oscillations of the An content (<1An7) at fairly
constant FeO (Figure 7A). In the welded scoriae of SL, two
different patterns of oscillations have been found (∼1An2−3
and ∼1An5−7). The development of this growth texture
in plagioclase does not automatically imply significant
modifications in chemical and physical parameters of the
magmatic system (Allègre et al., 1981; Ortoleva, 1990; Streck,
2008; Nicotra and Viccaro, 2012b). Small amplitude oscillations
can be attributed to crystallization kinetics at the crystal/melt
interface within a system not affected by significant changes
in chemical and physical conditions (cf. Allègre et al., 1981;
Ortoleva, 1990; Streck, 2008). Oscillations characterized by larger
amplitude (at the same wavelengths) can be instead associated
to small changes of the physical and chemical conditions of the
magmatic system, but not sufficient to develop major dissolution
episodes (Cashman, 1990; Ortoleva, 1990; Pearce and Kolisnik,
1990; Streck, 2008; Viccaro et al., 2010, 2012; Nicotra and
Viccaro, 2012a,b; Nicotra et al., 2018). This type of oscillatory
zoning is typical of magma reservoirs with small physical
(chiefly temperature) and chemical (chiefly H2O concentrations)
gradients, which can trigger fast (but limited) movements of the
crystal within the system, and then the development (sometimes)
of crenulated surfaces attributed to minor episodes of dissolution
(cf. Pearce and Kolisnik, 1990; Singer et al., 1995; Nicotra and
Viccaro, 2012a). Summarizing, OZ is a plagioclase texture
which can be related to “quiet” conditions of crystallization.
The OZ profile of plagioclase VL18-9 Pl20 (in the high part
of the SL sequence; Figures 5, 7A), suggests that the magma
reservoir in which plagioclase crystallized was not significantly
recharged by more primitive magma coming from depth for
most of its crystallization history. This is testified by the almost
constant decrease from An65 to An57 in the first half of the
profile (Figure 7A), with a constant rate (<1An1−2). So, for
half of its crystallization history, this plagioclase crystallized with
compositions ranging An57−65 in a magma reservoir which was
cooling at fairly constant P-T-X-H2O conditions.

When magma reservoirs experience major physical
perturbations, plagioclase registers the changes of the system
through the development of disequilibrium textures, sometimes
coupled with compositional changes (Nelson and Montana, 1992;
Singer et al., 1995; Davidson and Tepley, 1997; Streck, 2008).
Experimental petrology has shown that increased ascent rates
reduce the stability field of plagioclase at water-undersaturated
and isothermal conditions, provoking its resorption (Nelson and
Montana, 1992; Pearce et al., 1987; Streck, 2008). In the welded
scoriae of SL, resorbed crystals (RC) of plagioclase could be
therefore attributed to a more or less rapid transfer of their host
magma within water-undersaturated portions of the plumbing
system, and without significant loss of heat during the ascent.
Considering that at Vulcano island, for similar whole rock
composition, plagioclase would start to crystallize at a depth of

11 km (310–290 MPa; Nicotra et al., 2018), and that the depth
of exsolution of H2O has been calculated at 5 km (130 MPa)
by Mandarano et al. (2016), RC plagioclase of SL would have
acquired their resorption texture in this pressure interval. Our
data do not allow to be more precise about the depth of the
mid-crustal reservoir, so we will consider it located between
5 and 11 km of depth. In addition, the observed variability of
the degree of dissolution/resorption within the RC plagioclase
should be directly proportional to the different ascent rates
experienced by the host magma (cf. Nelson and Montana, 1992
and below in the text). The observed coexistence, within the same
rock sample of SL, of a wide variability of resorption textures
in plagioclase crystals supports the idea of different inputs of
fresh magma at different ascent rates from the reservoir located
at 11–5 km of depth toward a shallower one. Plagioclase crystals
characterized by resorption core surrounded by OZ texture
growth (Figure 7B) suggest that, prior to the eruption, magma
stopped and ponded in the shallow (ca. 5 km b.s.l.) reservoir.

Relationships between the resorption of plagioclase and the
ascent rate have been experimentally investigated by Nelson
and Montana (1992). These authors empirically related the
decompression underwent by magmas at undersaturated-water
conditions with the approximate percentages of resorption (i.e.,
resorption channel and formation of coarse glassy pockets and
sieve-textures) observed in plagioclase. If the resorption areas
scales with crystal size, considering that: (I) the sizes of SL
phenocrysts are about 10–15 times greater than that of the
experimental ones, (II) the resorption occurs in an interval of
pressure between 300 and 130 MPa, and (III) the approximate
area of resorption represents 10–35% of the entire crystal, it
could be inferred, using the formulae of Nelson and Montana
(1992), that RC texture is acquired within an interval of 2–3 days.
Magmas would have rose up between 11 and 5 km with an
ascent rate ranging 0.023–0.034 m/sec. Although this range of
ascent rates is only indicative, it seems reasonable considering
the eruptive scenario of SL and similar results obtained in other
tectonic contexts (cf. Browne and Szramek, 2015).

Plagioclase of SL show also Envelopes of Resorption (ER)
characterized by layers of dusty sieve-textures (Figure 7).
Compositional core-to-rim profiles have highlighted that the
Envelopes of Resorption correspond to a concordant increase
of An and FeO or only an increase of An (1An10−12) at fairly
constant FeO. This texture is related to sudden changes in the
chemical and physical conditions of the host magma, and is
classically associated with the injection of hotter magma, with
similar or slightly more basic composition (e.g., Tsuchiyama,
1985; Nakamura and Shimakita, 1998; Streck, 2008; Nicotra and
Viccaro, 2012a,b). Therefore, plagioclase with an increase of
An and FeO contents in correspondence of the sieve texture
envelopes (Figure 7C) experienced the injection and mixing of
a slightly more basic magma from depth, able to change the
FeO content, which typically reflects changes in composition of
the system. When the increase of An is accompanied by fairly
constant FeO content, the magma that is intruding and mixing
with the residing one presents a rather similar composition (as in
the case of the SL eruption; cf. Figure 4), but its higher volatile
elements content and temperature lead to the crystallization of
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more An-rich layers of plagioclase: such process is known in
literature as cryptic mixing (Nicotra and Viccaro, 2012a; Nicotra
et al., 2018; Pizarro et al., 2019). ER textures in plagioclase of
SL are usually followed by a OZ “shell,” suggesting that the
ingress of a new magma into the SL system cannot be considered
the trigger of the eruptive event itself. Conversely, the injected
magma had enough time to mix with the resident one and be
progressively erupted.

One of the most abundant textures within SL plagioclase
is that characterized by alignment of Melt Inclusions (MI),
super-imposed to oscillatory zoning and presenting a strong
increase in the An content (up to 1An15) at constant FeO
(Figure 7D). Present-day literature is still not exhaustive about
the mechanisms of entrapment of melt inclusion in plagioclase
in such arrangements. This is mainly due to the fact that
each inclusion can have different shapes, each with a different
petrologic significance (Bennett et al., 2019). In the SL welded
scoriae plagioclase, at least two different magma dynamics
could be associated to the observed compositional changes in
correspondence of MI alignments: (I) a sudden depressurization
event in the magma reservoir in which plagioclase were
crystallizing (cf. Ustunisik et al., 2014); (II) gas-flushing of the
magma chamber where plagioclase were crystallizing, with the
gas phase coming from a more deep-seated reservoir. Both
processes of decrease of pressure (P) and increase of the water
content (PH2O) are able to raise up the An content in the
crystallizing envelopes of plagioclase (Yoder and Tilley, 1962;
Nielsen et al., 1995; Bennett et al., 2019). We put forward the
idea that the An increase, and the relative MI entrapment, could
be attributed to a rapid decompression underwent by the magma
reservoir where SL plagioclases were crystallizing. Indeed, MI are
ever parallel to the growth planes of the crystals, suggesting that
such arrangements are related to phases of rapid crystal growth,
able to incorporate small drops of melt (Nielsen et al., 1995;
Nicotra and Viccaro, 2012b; Cashman and Blundy, 2013; Bennett
et al., 2019). The very fact that up to seven parallel alignments
of MI have been found in some crystals (VL18-6 and VL18-51
samples), suggests that the magma plumbing system experienced
the same number of decompression events. No evidences have
been found about gas flushing, usually preceding the upcoming
a more deep-seated magma, into the upper crystallizing magma
reservoir. In water-undersaturated portions of the plumbing
system, the uprising gas phase is able to be re-dissolved into the
ponding shallow magma reservoir, finally leading to the selective
enrichment of some elements in the encountered portion (e.g.,
K, Ti, Fe, Rb, Ba, F, Cl). This process, usually called “volatile-
induced differentiation” and also observed in some basaltic s.l.
volcanic systems (Rittmann, 1962; Burnham, 1979; Caroff et al.,
1997; Greenough et al., 1999; de Hoog and van Bergen, 2000;
Ferlito et al., 2008; Nicotra et al., 2010; Mazziotti Tagliani et al.,
2012; Nicotra and Viccaro, 2012a), is able to produce visible
modification in the whole rock composition of magmas, which
is also reflected in the crystallizing mineralogical phase. In
the plagioclase case, volatile-induced differentiation would have
significantly modified the FeO (for effect of the increased fO2)
content in correspondence of the MI alignments, a feature which
is never observed in the SL samples. Furthermore, whole rock

compositions at SL are clearly not selectively enriched in some
elements, but they are concordant with the observed processes of
magma rejuvenation.

How a Caldera-Forming Event Can
Develop at Vulcano Island
Multidisciplinary investigations, integrating volcanological field
survey, geochemistry, mineral chemistry, and petrology, on
the ML-SL-Qu welded scoria deposits at Vulcano island have
highlighted some common peculiar features which develop
during these events, all occurring along the borders of the caldera
of “Il Piano.” Although the considered volumes for each eruption
are very low (up to 0.1 km3 for the most voluminous eruptive
event; De Rosa et al., 1988), their deposits have been able to
mantle specific areas of the calderas, giving some hints about their
eruptive mechanisms.

Beyond their location along the volcano-tectonic structures
of the island, all the considered eruptions are communed by the
similarity of their deposits, represented by basic scoriae blankets
from poorly to strongly welded. Volcanological survey has also
highlighted the presence, at their base, of an alternance of cross-
laminated tuff layers, deposited from dilute PDCs, minor and
thin fall layers with accretionary lapilli and a high frequency of
country crustal rocks (i.e., leuco-monzogabbro; Faraone et al.,
1986), features which relate these deposits to a phreatomagmatic
event (cf. Schmincke, 2004). These deposits are all strictly related
to the successive (in terms of stratigraphic column; Figure 5)
welded scoriae, as witnessed by the occurrence, in their upper
portion, of bombs and blocks which plastically deformed the soft
tuffs. These clasts can be either juvenile bombs or also, in the
case of SL, pieces of crustal country rocks carried up during the
opening of the eruptive fissure. The location of these eruptive
events along the rims of “Il Piano” caldera suggests that magmas,
after the initial magma-water interaction phase, were able to
reach the surface through the newly formed or re-activated ring
faults of this caldera (Figure 9A).

Once that the initial phases of the caldera-forming eruptions
have been outlined, a deeper insight into the geochemical and
petrographic features of the erupted magmas suggests distinctive
pre- and syn-eruptive dynamics for each of the analyzed welded
scoriae deposits.

Deep Magma Ascent at Monte Luccia (ML)
The welded scoriae of ML (48 kyrs; De Astis et al., 1989)
cover the northern and central areas of the island, bordering
the northernmost subaerial termination of the “Il Piano”
caldera. Field survey suggests that they are produced by a low-
intensity strombolian-to-hawaiian activity, with some phases of
sustained lava fountaining. A small density-driven scoria flow
was also emplaced along the northern flanks over the underlying
Primordial Vulcano unit. Unfortunately, the lack of plagioclase
crystals in equilibrium with the host magmas did not allow
information on the pre-eruptive dynamics of this eruption.
Nonetheless, this suggests that the ML welded basaltic scoriae
derive from a magma coming from a depth higher than those
of nucleation of plagioclase. At Vulcano island, this depth has
been calculated at ca. 11 km for magmas with shoshonitic
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FIGURE 9 | Cartoon showing the different phase of evolution of the Spiaggia Lunga eruption. (A) The SL event starts with an phreatomagmatic eruption, where a
shallow residing and zoned magma reservoir with shoshonitic/latitic composition interacts with ground- or sea-water. This causes the deposition of the dilute PDCs,

(Continued)
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FIGURE 9 | Continued
the formation of the accretionary lapilli, and leads to the opening the eruptive fissure. The magma involved in this initial phase has a shoshonitic composition (M1).
The decompression on the system provokes the starting of magma ascent from a water-undersaturated portion of the feeding system (M2, basaltic in composition).
During this ascent, RC texture is acquired by plagioclase crystals. (B) Onset of the purely magmatic eruption, which starts with a Strombolian eruptive style. The M2
basaltic magma enters into the shallow M1, and efficiently mixes with it. The ingress of a slightly hotter, volatile-rich and more basic magma causes the development
of ER texture in plagioclase crystals. The arrival of this new magma at the surface is probably related to the shifting of eruptive style from Strombolian to Hawaiian.
The decompression on the system leads to the formation of the MI texture in plagioclase. (C) The emptying of the shallow reservoir triggers the collapse of the
southern border of the caldera of “Il Piano” (vc5 in De Astis et al., 2013). The deposits of this collapse are evident along the southern flanks of Vulcano island,
interlayered within the SL welded scoriae. Such decompression event leads to fast growth of plagioclase and formation of plagioclase with MI textures. (D) After the
major event, small minor collapses are registered by plagioclase crystals. Eruptive activity turns into strombolian until the end of the eruption.

affinity by means of MELTS simulations (cf. Nicotra et al., 2018).
The presence of a deep basaltic/shoshonitic reservoir active
throughout the entire eruptive history of Vulcano island has been
proposed by several authors, which located it close to the Moho
discontinuity (18–21 km b.s.l.; e.g., Zanon et al., 2003; Davì et al.,
2009; De Astis et al., 2013; Nicotra et al., 2018). At this stage it is
not possible to have more insights about the mechanisms which
triggered the ascent of this deep-seated magma. Nonetheless, the
similar eruptive dynamics with SL and Qu events (starting with
phreatomagmatic eruptions and ascent of magma through the
ring-faults of “Il Piano” caldera) can lead to the speculation of
a fast magma ascent due to a sudden event of decompression of
the plumbing system, similarly to what happened during the SL
eruption (see below). However, a hypothesis of eruptive event as
response of the ascent of a deep-seated magma (similar to what
observed by Nicotra et al., 2018, for the present-day magma at “La
Fossa”) cannot be ruled out for ML eruption. The area of Monte
Luccia (Figure 1) was successively cut by the vc4 volcano-tectonic
collapse of De Astis et al. (2013).

Spiaggia Lunga as Archetype Caldera-Forming Event
at Vulcano
The eruptive event of SL is by far the archetype of the caldera-
forming eruptions at Vulcano island, mainly thanks to the higher
volume of erupted products (0.1 km3) and the good exposure
of its deposits. In addition, the occurrence of an important and
plagioclase-dominated crystal cargo (P.I. 35 vol%) allowed the
reconstruction of the pre- and syn-eruptive scenarios of this
event. As testified by the geological survey, the first phase of the
eruption is represented by a phreatomagmatic phase (Figure 9A):
at “Punta di Capo Secco” (Figures 1, 3, 5), the associated dilute
PDCs deposits reach 4 m of thickness, which can be related to
a medium-energy event. The cross-laminated structure of the
deposits is studded, at its top, by a great amount (about 30
vol%) of bomb-sags, made up by juvenile and xenolitic (crustal
and volcanic) clasts. They give a direction of provenance of
110◦E, which points toward the southwestern-most rim of the “Il
Piano” caldera. Among the crustal xenoliths, those with leuco-
monzogabbroic composition are the most abundant: given their
very shallow position into the crustal portion beneath Vulcano
island [ca. 1350 m b.s.l.; Faraone et al. (1986)], these products
can be considered as a breccia related to vent opening. We put
forward the idea that the magma reservoir activated and involved
into these initial stages (M1 in Figure 9A) had a shoshonitic
composition (Figure 6 and Table 1) and would be located at ca.
2 km b.s.l. of depth, i.e., the depth of provenance of the lithics

of leuco-monzogabbros (Faraone et al., 1986). So, the onset of the
eruption would be provoked by the interaction of magma residing
at ca. 2 km b.sl. and phreatic water, generating a phreatomagmatic
event along the pre-existing fractures/faults of the caldera of “Il
Piano.”

The vent opening-breccia deposits could be related to a second
more energetic phase of the SL eruption, in which the eruptive
fissure suddenly widened as a consequence of the re-activation
of the ring-faults of the “Il Piano” caldera (Figure 9A). This
volcano-tectonic event would be able to provoke a decompression
wave propagating downward in the magmatic plumbing system
(Figure 9A), as testified by the formation of MI texture on
the An60−65 plagioclase, which was crystallizing in the shallow
shoshonitic M1 reservoir (Figure 9A). The rapid decompression
event was registered by the plagioclase of the shoshonitic ballistic
bombs producing bomb-sags at the top of the dilute PDC deposits
(MI = 79% in VL18-5 sample; Figures 5, 8).

The opening of the eruptive fissure would have also provoked
the ascent of a more basic magma which was residing in a
reservoir, located between 5 km (the exsolution depth of water; cf.
Mandarano et al., 2016) and 11 km (plagioclase nucleation depth;
Nicotra et al., 2018; M2 in Figure 9A). The ascent of magma from
the M2 reservoir, at water under-saturated conditions, would
have been able to form the RC texture in the plagioclase of SL
eruption (RC = 74% in SL2 sample; Figures 8, 9A). The M1
shoshonitic magma then reached the surface with the onset of a
low-energy strombolian activity of lava fountaining (Figure 9B).

The gradual involvement, within the course of the eruption,
of a deeper reservoir (M2) with magmas of more mafic
compositions, hotter and richer in volatiles, is testified by
numerous factors. Firstly, the evidence of a gradual increase
(from 6 to 35%) of dusty sieve-textured plagioclase (ER texture;
Figures 7C, 8) from the bottom to the top of the SL stratigraphic
column of “Punta Capo di Secco” (Figure 5). As previously
stated, ER texture is related to the ingress of a slightly more basic,
hotter and volatile-rich magma (the M2 in this case) into the
system (Figure 9B), able to increase both An and FeO content in
the plagioclase compositional profiles (Figure 7). Secondly, the
whole rock compositions at Punta Capo di Secco (Figure 6C)
outlining that: (i) the SL eruption starts with the emission of
shoshonitic products (SiO2 = 50.3–50.9 wt%, K2O = 2.84–2.99
wt%; Figure 6C and Table 1); (ii) the eruption continues without
changing the compositions of the magmas up to the main phase
of the eruption, which produced the welded central part of the
succession (VL18-6, VL18-7, and VL18-8; SiO2 = 51.4–51.7 wt%,
K2O = 2.73–3.09 wt%; Figure 6C and Table 1), and (iii) only in
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the final stage of the eruption the more basic (basaltic) magma is
emitted forming the upper portion of the SL deposits (SiO2 < 49
wt%, K2O < 2.8 wt%; Figure 6C and Table 1). This suggests
that the M2 basaltic magma entered into the system during the
course of the eruption and efficiently mixed with the residing
M1 (Figure 9B), leading to a progressive shifting of whole
rock compositions toward more basic terms (Figure 6C). Such
magma recharge/rejuvenation from the bottom to the top of the
succession has been already evidenced by De Rosa et al. (1988).
The efficient mixing, and subsequent arrival at the surface of this
hotter and more basic magma probably led to the craterization
of the eruptive fissure (as proposed by De Rosa et al., 1988) and
determined the change of eruptive style from Strombolian to
Hawaiian, with an increase of the emission rate witnessed by the
extreme welding of the ejected spatter and bombs (Figure 9B).

The involvement of the M2 reservoir seems therefore to be
related to the occurrence of shallow volcano-tectonic processes,
which re-activated, at least, a portion of the plumbing system
beneath Vulcano island. This is the opposite of what found by
Nicotra et al. (2018) who, analyzing the volcanic activity of the
last 1000 years at “La Fossa” and “Vulcanello,” have highlighted
that the initial trigger of the processes leading to eruptions would
be related to the ascent of “fresh” basaltic/shoshonitic magma
from the Moho. Nonetheless, the plumbing systems of “La Fossa”
and “Il Piano” present very different features, mainly due to
a temporal evolution of the systems, which are able to deeply
change the dynamics of magma ascent and storage. At “La Fossa,”
several authors highlighted the occurrence of a polybaric and
rather articulated plumbing system, formed by (at least) four
different reservoirs located at different depths (cf. Clocchiatti
et al., 1994; Zanon et al., 2003; De Astis et al., 2013; Mandarano
et al., 2016; Nicotra et al., 2018); each magma reservoir would
have a different composition within the range between basalts and
rhyolites (cf. Nicotra et al., 2018 and references therein). The “Il
Piano” plumbing system is certainly less evolved than “La Fossa”
one, at least in terms of the compositions of magmas involved
between 48 and 21 kyrs (latites are the most differentiated erupted
products). In our reconstruction (Figure 9) latitic magmas would
be located within the shallow M1 reservoir (2 km b.s.l.), which at
“La Fossa” is actually occupied by a degassed rhyolitic magma.
The plumbing system of “Il Piano” would be also slightly less
articulated, as one of the four reservoirs of “La Fossa” would lack
(cf. Clocchiatti et al., 1994; Zanon et al., 2003; De Astis et al., 2013;
Mandarano et al., 2016; Nicotra et al., 2018).

Within the stratigraphic column of SL, the main caldera-
forming event is testified by 1 m thick layer of chaotic breccia
(Figure 5), found (with variable thickness) all over the western
flank of the “Il Piano” Caldera. The trigger of the caldera collapse
is inferred to be the partial emptying of the M1 shallow magma
reservoir (Figure 9C). Considering the stratigraphic position of
the epiclastic deposits occurring at the top of the stratigraphic
succession and above the strongly welded deposits (Figure 5), we
suggest that the caldera collapse can be due to several concurring
causes, involving (I) the possible high eruption rate of the “lava-
like” Hawaiian phase of the SL eruption and (II) the absence of
correlation of this phase with the input of fresh mafic magma
from the deeper reservoir. After this major event of collapse

along the ring faults of the “Il Piano” caldera, the eruption
continued with a decreasing output rate and a shifting toward
low-energy strombolian activity (Figure 9D). This is testified
by the lower degree of welding of the last-emitted products in
correspondence of “Capo Secco” (Figures 3A,D). During the
last phases of SL eruption, small decompression events of fissure
opening (Figure 9D) are registered by plagioclase crystals, with
the development of up to 3 layers of melt inclusions (ever after
the envelop of resorption; Figure 7D).

Late Re-activation of “Il Piano” Caldera
at Quadrara
Quadrara eruptive event (ca. 21 kyrs; Soligo et al., 2000) shows
different eruptive dynamics with respect to the Monte Luccia
and Spiaggia Lunga eruptions. Although Quadrara’s eruption also
begins with a phreatomagmatic phase (Figure 4), it continues
with a thin (0.2–1 m) layer of fall-deriving and biotite-bearing
white pumices having latitic compositions (Figure 6). The
presence of biotite implies the occurrence of an isolated magma
reservoir, where the increase of volatile pressure allowed the
crystallization of this hydrous mineral phase and where the
magma evolved to latitic compositions (Figure 6). On the basis
of the stratigraphic and physical continuity of the PDC dilute
deposits and the overlying pumices, we hypothesize that the
onset of the shallow phreatomagmatic activity would have led
to the self-activation of the plumbing system. The latitic magma
would have been able to rise up through the old ring faults of
the Caldera of “Il Piano,” giving rise to a typical fall eruption
and the deposition of white-to-grayish pumices. The occurrence
of a small caldera collapse is here evidenced by a cm-thick
epiclastic layer, followed by a grayish-to-black scoria blanket with
compositions ranging from latitic to shoshonitic toward the top
of the deposit. Such variation could be related, as in the SL
eruption, to the retrieval of a basaltic deep magma from the Moho
discontinuity, which mixed with the latitic residing one.

CONCLUSION

The integration of a detailed volcanological field survey with
geochemistry and textural and compositional investigations on
plagioclase crystals allowed to shed light on the pre- and syn-
eruptive dynamics of some eruptive events producing welded
scoriae associated to small caldera collapses at Vulcano island.

The main points to be remarked are:

I. Between 48 and 21 kyrs the ring-faults and fissures of
the caldera of “Il Piano” were the main locus of volcanic
activity at Vulcano island. The three most important
eruptions of this period [Monte Luccia (ML), Spiaggia
Lunga (SL), and Quadrara (Qu)] are characterized by the
emplacement of blankets of strongly welded scoriae.

II. All the three considered eruptions started with a
phreatomagmatic phase, able to deposit some dilute
PDCs and thin fall layers. At the end of this phase,
open-breccia deposits and juvenile bombs deformed these
underlain still soft deposits.
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III. At Monte Luccia, the oldest among the studied eruption,
the phreatomagmatic phase and, probably, the widening
of the northern caldera faults would have enhanced the
ascent of a shoshonitic magma from a reservoir located
below the nucleation depth of plagioclase (ca. 11 km at
Vulcano). However, a hypothesis of a direct ascent of
a deep-seated magma as trigger of the eruptive events
cannot be ruled out for ML eruption. This magma rose up
directly to the surface, producing Hawaiian to Strombolian
eruptive activity.

IV. At Spiaggia Lunga, magmas involved into the
phreatomagmatic phase (M1) had a shoshonitic
compositions and were residing at 2 km b.s.l., generating
plagioclase with OZ texture and An60−65 compositions.
The decompression due to the volcano-tectonic event
formed the MI alignment textures in plagioclase of the
M1 reservoir, and caused the ascent of a deep-seated (5–
11 km) magma (M2) of basaltic composition. During the
ascent, Resorbed Crystal texture formed in plagioclases.

The M2 basaltic magma progressively entered into the
M1 reservoir, and gradually mixed with it, as testified
the formation of the Envelope of Resorption (ER) texture
in plagioclase and by the tendency of whole rock
compositions to be more basic from the bottom to the
top of the eruptive sequence. The involvement of such
more basic magma is also suggested in the shifting of
the eruptive style of the eruption, from a low-energy
Strombolian to a Hawaiian.

The collapse of the south-western border (vc5 in De Astis
et al., 2013) of the “Il Piano” caldera would be therefore
the effect of a rapid emptying of the shallow M1 magma
reservoir, due to possible high eruption rates during the
“lava-like” phase not accompanied by a new input of
magma coming from the M2 deep reservoir, which would
have been able to re-pressurize the system.

V. At the base of the Quadrara deposits, the occurrence of
white latitic pumices layer containing biotite suggests that
the eruption started from a shallow, isolated reservoir,
where the increase of volatile pressure allowed the
crystallization of hydrous phases. A deeper shoshonitic
magma was then involved in the last stages on the eruption,
forming a scoria level at the top of the sequence.

Results of our study also highlight that the textural and
compositional investigations on plagioclase crystals, but also of
other phenocrystic phases like pyroxene and olivine, integrated
with volcanological s.l. observations and with petrologic
monitoring, can contribute to the evaluation and mitigation of

volcanic risk through the understanding of how an eruptive
scenario will develop.
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