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Abstract

The youngest (last 1500 years) volcanic eruptions of Lipari, within the Aeolian Archipelago,
produced the prominent pumice cone of Monte Pilato and the obsidian lava flows of Rocche
Rosse and Forgia Vecchia, concentrated in the north-eastern sector of the island as well as highly

dispersed white-colored, fine-grained tephra layers of rhyolitic composition in terrestrial and



marine settings on the regional scale. Here we describe in detail the stratigraphy of pyroclastic
successions and lava flows erupted by different vents - Monte Pilato, Forgia Vecchia, Lami, and
Rocche Rosse - combining field observations, sedimentological characteristics of the tephra
deposits, and major and trace element compositions of the volcanic glass. All the pyroclastic
materials consist of aphyric pumice lapilli and ash with a largely homogeneous rhyolitic
composition. The Monte Pilato and Forgia Vecchia deposits primarily consist of highly vesicular
pumice fragments and subordinate obsidian clasts, whilst Rocche Rosse and Lami are
characterized by moderately vesicular juvenile fragments with . more significant fraction of
obsidian. The Lami tephra also contains peculiar pumice ~lasts with a fibrous texture and
breadcrust bombs.

Stratigraphic relationships, and paleomagnetic and **C caes of the lava and pyroclastic deposits
are combined with the archaeological informetic ' 2ad historical reports, enabling us to provide
an accurate chrono-stratigraphic framew wk (or the youngest eruptions of Lipari. Following the
8™ century AD eruption of Monte Pn.*o, which produced a pumice cone and a obsidian lava
flow, activity resumed in the seconc kalf of 13™ century AD with the explosive eruption of
Forgia Vecchia that culminate:' in we emission of a bilobate obsidian lava flow. This eruption
was shortly followed by the cvriosive eruptions of Lami and Rocche Rosse, the latter concluded
with the emission of the ‘Wiuely renowned obsidian lava flow.

By integrating stratigraphy and geochemistry of tephra deposits with a new chronological
scheme, our work facilitates the refinement of proximal-to-distal correlation of Lipari’s rhyolitic
tephra in continental marine environments of the central Mediterranean area in the last 1,500
years. A fine-grained, rhyolitic ash found on Stromboli (~40 km NE from Lipari) has an origin
from the Monte Pilato and thus, constrains tephra dispersion towards the NE. Very similar ash
beds dispersed southwards and interlayered within the near-source deposits of La Fossa, Vulcano
island (~10 km from Lipari) exhibit features that are consistent with the younger activities of the

Rocche Rosse eruption. A possible link between previously identified rhyolitic ash layers



identified in marine cores of the lonian Sea and the Forgia Vecchia eruption are postulated,
although the age and textural characteristics of these distal tephra are not univocal in indicating a

correlation to either Monte Pilato or Forgia Vecchia.
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1. Introduction

Rhyolitic magmas have been erupted in the central sector of the ~~olian Islands (Lipari, Salina,
Panarea and Vulcano) over the last 50 ka, generating the most powerful and intense explosive
eruptions of the archipelago (De Rosa et al., 2003; Giencoa et al., 2003; Lucchi et al., 2007; De
Astis et al., 2013; Forni et al., 2013; Lucchi et al., 2"1oc b; Albert et al., 2017). During the last
1500 years, four rhyolitic eruptions took plac~ ¢  L.ipari island from the vents of Monte Pilato,
Forgia Vecchia, Lami and Rocche Ros 2 ("-orni et al., 2013 and references therein; Fig. 1a).
Several authors have studied the lav.. flows and pyroclastic products associated with these
eruptions, including the globally renc~aed Rocche Rosse obsidian lava flow (Cas and Wright,
1987), and the Monte Pilato .-'mice cone (Dellino and La Volpe, 1995). However, the timing
and proximal chrono-straticicntic relationships between the different lava flows and pyroclastic
deposits have remaireu ‘n sume respects controversial until now (Bigazzi and Bonadonna, 1973;
Pichler, 1980; Cortese et al., 1986; Dellino and La Volpe, 1995; Keller, 2002; Bigazzi et al.,
2003; Arrighi et al., 2006; Davi et al., 2009, 2011; Forni et al., 2013).

The accurate assessment of age and overall characteristics of rhyolitic tephra sourced from
Lipari has direct implications for distal tephra correlations across the region (e.g., Albert et al.,
2017) because all these explosive events were likely capable of generating airborne ash-sized
material. Particularly widespread ash deposits from Lipari have been related to the early-
Holocene Vallone del Gabellotto eruption (also known as the Gabellotto-Fiumebianco), tephra

from this explosive activity is identified across the Aeolian archipelago, in marine sediments



from Tyrrhenian, lonian and Adriatic Sea, along with the lacustrine sediment records and in the
central Apennines (e.g. Albert et al., 2017; Di Roberto et al., 2018). Moreover, younger rhyolitic
ash layers associated with the most recent cycle of explosive eruptions on Lipari (within the last
1500 yrs) also form time-stratigraphic markers found subaerially on Vulcano and Stromboli
islands, whilst are recorded as both visible and cryptotephra within the marine sediments of the
southern Tyrrhenian and lonian Sea, and have even been traced as far as archaeological sites in
Albania. These ash layers were generally correlated with the eruption of Monte Pilato, which for
a long time was considered the only event from Lipari capab!~ o, nroducing ashes dispersed at
great distances from the source area during the recent erup.ve cycle (e.g. Albert et al, 2017).
However, it is noteworthy that no detailed tephrostratigraphic study has been carried out to
precisely connect the distal ash layers with the proxime: deposits of the four different eruptions
that occurred during the last 1500 years. This ‘s _rucial to better understand the timing and
impact of Lipari’s eruptive activity on tt = si'rrounding area, to date stratigraphic sequences, and
to correlate and synchronize the palac>climatic, palaeoecological and archaeological archives.
As an example, it is not clear whethi~r the distal white rhyolitic tephra layers on Vulcano are
attributed to the Monte Pilato, Jateu to AD 776 (Keller, 2002), or to the Rocche Rosse eruption
that is dated to AD 1220 (Ta,.'y et al., 2003), which each provide different chrono-stratigraphic
reconstructions of the L~ Fussa volcano (De Astis et al., 2013; Di Traglia et al., 2013; Fusillo et
al., 2015; Rosi et al., 2018; Selva et al., 2020) and eruption frequency.

Here we document the pyroclastic successions (and lava flows) produced during eruptive activity
in the last 1500 years on the island of Lipari, revising their stratigraphic relationships and
providing details on their sedimentological, textural and geochemical features. The stratigraphic
analysis of tephra is complemented by new **C and paleomagnetic dates of the different tephra
units and associated lava flows, and a re-assessment of archaeological studies and historical
reports (Manni et al., 2018). This revises the previous ages of the Monte Pilato, Forgia Vecchia,

Rocche Rosse and Lami eruptions and constrains the chrono-stratigraphic relationships between



the different eruptions. The comparison of the physical and compositional features of the
pyroclastic products are finally used to correlate the medial-distal tephra layers to their proximal

source vents and hence, better constrain the magnitude and dispersal of the different eruptions.

2. Geological background, eruption chronology and distal occurrence of Lipari tephra
Lipari is the largest island of the Aeolian arc located in the southern Tyrrhenian Sea, Italy (Fig.
1). It is the emerged part of a large volcanic complex belonging to the Salina-Lipari-Vulcano
volcanic belt that transversely intersects the archipelago in ite ceitral sector, aligned along the
major NNW-SSE strike-slip Tindari—Letojanni fault syst. *hat controls magma rise and vent
location (Barberi et al., 1994; Mazzuoli et al., 1995; L an.~fame and Bousquet, 1997; Billi et al.,
2006; Ruch et al., 2016). Volcanic activity on the iclai.? developed between c. 267 ka and the
Medieval Age (Bigazzi and Bonadonna, 1973; F. -hl_r, 1980; Gillot, 1987; Crisci et al., 1991; De
Rosa et al., 2003; Tanguy et al., 2003; "-orr, et al., 2013) and emplaced a large variety of lava
flows and pyroclastic products that sp.n a wide compositional range from basaltic andesites to
rhyolites, all belonging to calc-alkalii @ and high-K calc-alkaline series (Pichler, 1980; Crisci et
al., 1991; Gioncada et al., 20C:** D1 Martino et al., 2010; Forni et al., 2013, 2015; Albert et al.,
2017).

According to the mus. recent geological maps (Forni et al., 2013; Lucchi et al., 2013c), the
eruptive history of Lipari can be summarized into nine successive Eruptive Epochs, that span
tens of thousands of years and are further subdivided into distinct eruptions or sequences of
eruptions, separated by quiescence periods of variable duration. The last 1500 years of volcanic
activity, which are the focus of this study, are included in the youngest Eruptive Epoch 9, which
exclusively erupted rhyolitic pumiceous pyroclastic successions and obsidian lava flows in the
north-eastern sector of the island. The earliest eruptions at c. 8.7-8.4 ka produced the widespread
Vallone del Gabellotto pumiceous pyroclastic succession (cf. Vallone del Gabellotto Formation;

Forni et al., 2013), characterized by a wide tephra fall distribution across distant islands of the



Aeolian archipelago and in marine sequences of the Tyrrhenian, Adriatic and lonian Seas along
with lacustrine records in the Central Apennines (Paterne et al., 1988; Siani et al., 2004; Di
Roberto et al., 2008; Zanchetta et al., 2011; Lucchi et al., 2013; Albert et al., 2017; Di Roberto et
al., 2018), and the associated obsidian-rich Pomiciazzo lava flow (cf. Pomiciazzo Formation;
Forni et al., 2013). The youngest activity lies on a reddish palaeosol dated to between 5.5 and 1.2
cal. ka (**C dates from Pichler (1980) were calibrated using IntCal20; Reimer et al., 2020) and
comprises the eruptions of Monte Pilato, Forgia Vecchia, Lami and Rocche Rosse (Fig. 1a),
which are the focus of this paper.

The Monte Pilato eruption produced a widespread thick uui~iceous pyroclastic succession (cf.
Sciarra dell’ Arena Formation; Forni et al., 2013) and ~ ti..2l obsidian lava flow (cf. sal member;
Forni et al., 2013) that are exposed along the northe,~ rim of the Monte Pilato crater. This
eruption is dated to AD 780 (AD 675-880) fr. n .he **C date of carbonized plant fragments
contained within the basal portion of th¢ oy oclastic succession (Keller, 2002; recalibrated here
using IntCal20).

The Forgia Vecchia bilobate obsidicn iava flow (cf. Forgia Vecchia Formation; Forni et al.,
2013) was emitted from a lov. -orovile crater in the area of Pirrera after the emplacement of a
pumiceous, lithic-rich pyrocicstic succession (cf. fvl member; Forni et al., 2013; Fig. 1). The age
of this eruption is con.aversial. The lava flow was fission-track dated to 1.6 ka (£ 0.38) by
Bigazzi and Bonadonna (1973), which implies that it was erupted before the Monte Pilato
eruption. Forni et al. (2013) questioned this age attribution owing to the absence of the Monte
Pilato pumiceous products above Forgia Vecchia deposits, and instead proposed that the
eruptions of Forgia Vecchia and Monte Pilato were contemporaneous, which is in agreement
with the interpretation by Cortese et al. (1986) that is based on the recognized interlayering of
the corresponding pyroclastic successions.

The Rocche Rosse eruption occurred after a period of quiescence recorded by an erosional

unconformity at the top of the Monte Pilato pyroclastic succession. The eruption ended with the



spectacular Rocche Rosse obsidian lava flow (cf. Fossa delle Rocche Rosse Formation; Forni et
al., 2013), which outpoured from the northeastern rim and a low-profile crater, nested within the
older Monte Pilato crater, where a pumiceous (obsidian), lithic-rich pyroclastic succession
formed (cf. frrl member; Forni et al., 2013). The Rocche Rosse lava flow was dated to 1.4 ka (+
0.45) by fission track (Bigazzi and Bonadonna, 1973). A younger age of AD 1220 (£ 30) was
proposed by Tanguy et al. (2003) using archeomagnetic dating, which is consistent with the
stratigraphic finding of the Rocche Rosse products above an erosional unconformity in the
Monte Pilato pyroclastic succession (Dellino and La Volpe, 1995; "arni et al., 2013).

The Lami eruption produced a lithic- and obsidian-rich sui.1ceous pyroclastic succession (cf.
Lami Formation; Forni et al., 2013) with limited disrai_~l, which is located at the foot of the
southern flank of Monte Pilato pumice cone, close to the village of Lami (Pichler, 1976; Cortese
et al., 1986; Dellino, 1991; Lucchi et al., 2019; "-or.i et al., 2013). Davi et al. (2011) proposed
that the Lami tephra was a part of the Mrnte Pilato pyroclastic succession, a view also put
forward by Cortese et al. (1986) who . 'qgested that the Lami and Monte Pilato activities were
contemporaneous based on the intei'ayering of the corresponding products. Conversely, the
Lami products are fission-trac:- dated to AD 1250 (+ 170) by Bigazzi et al. (2003), which is the
preferred age adopted by Foivi <t al. (2013) based on stratigraphic and volcanological evidence.
Within the Aeolian arc. ineiago, distal ash layers associated with the more recent eruptive cycle
(last 1500 yrs) of Lipari have been found subaerially: i) interbedded within the products of the
Commenda eruption deposits of the La Fossa cone on Vulcano island (Keller, 1980; De Astis et
al., 2013; Gurioli et al. 2012; Di Traglia et al., 2013; Fusillo et al., 2015; Albert et al., 2017; Rosi
et al., 2018), ii) at the base of the eruptive products of the present-day activity of Stromboli (Rosi
et al., 2000, 2013). More distally, rhyolitic tephra and cryptotephra layers within the same time-
stratigraphic window have been found in the southern Tyrrhenian Sea (Paterne et al., 1988; Di
Roberto et al., 2008; Albert et al., 2012, 2017), in the Gulf of Taranto (Di Donato et al., 2019),

and in the lonian Sea (Caron et al., 2012; Menke et al., 2018; Insinga et al. 2020), in which they



represent important regional marker horizons. Several of these studies provide independent
dating (**C, oxygen-isotope data, ecostratigraphy, sedimentation rates) for the rhyolitic tephra

layers found within the respective cores that will be used here to cross-check distal correlations.

3. Research strategy and methods

To achieve our goal reconstructing the sequence of eruptive activity in the last 1500 years on
Lipari we adopted the following methods: i) field study of the lithological and sedimentological
features of the Monte Pilato, Forgia Vecchia, Rocche Rosse 2na ! ami tephra successions, and
analysis of the stratigraphic relationships between the tep’ir«. units and the obsidian lava flows;
(if) sampling and laboratory analyses of textural, sedime, tological and geochemical features of
representative samples of the four tephra succession.: iii) new dates (paleomagnetism and
radiocarbon [**C]) of the Lami and Rocche Ras:> ryroclastic products, and the Forgia Vecchia
tephra and lava flow units; iv) revisic ' o the available geochronological information from
archaeological studies and historical 12norts; v) comparison of the characteristics of rhyolitic
distal fallout ash beds found or St-onboli and Vulcano islands to correlate them to their
proximal counterparts on Lipai*

The overall stratigraphic archit:cture was reconstructed from 16 outcrops covering the whole
north-eastern sector o1 *he island of Lipari, with key sections along the ridge to the north of
Forgia Vecchia and the southern flank of Monte Pilato where the Lami eruptive vent is located
(Fig. 1a, b). A total of 43 representative samples, collected from the base to the top of each of the
pyroclastic successions, were subject to textural, grain-size and componentry analyses in the
Laboratorio di Petrologia e Vulcanologia at the Istituto Nazionale di Geofisica e Vulcanologia,
Sezione di Pisa (INGV-Pisa). Samples were also collected of the rhyolitic distal fallout ash beds
recognized on Vulcano and Stromboli islands, and these were analysed for comparison. Grain-
size analyses were carried out with mechanical dry sieving at one-¢ intervals from -4 t0 6 ¢ (¢ =

—log,D, where D is the particle diameter in millimeters). The main sedimentological parameters



of median and sorting (Md¢ and o¢, respectively) were calculated according to Inman (1952).
Textural analyses were carried out with a scanning electron microscope (SEM) Zeiss EVO MA
at the INGV-Pisa on juvenile clasts ranging in size from 250 to 500 um belonging to ten samples
representative of the four studied tephra successions. Componentry was studied under a
binocular optical microscope, following a subdivision into five main classes: i) highly vesicular
juvenile fragments; ii) weakly vesicular juvenile fragments; iii) fresh obsidian clasts, generally
considered to belong to the juvenile fraction; iv) andesitic lithic clasts; and v) rhyolitic lithic
clasts (including altered obsidian). Based on the assumption t~au the lithic material embedded
within a pyroclastic succession provides information on e underlying deposits at the source
area, we assessed for each of the studied pyroclast~ s:ccessions the relative abundance of
different lithic types by randomly hand-picking tFem at each outcrop c. 100 clasts with a
diameter in the range of 5-10 cm. Most of thcm »~zre broken directly in the field and observed
with a hand lens to classify their litholc v ind composition, and to estimate the percentage of
different lithotypes.

Glass geochemistry (major and f-~ce ~ements) was performed on the juvenile fraction of 16
samples representative of the “our studied proximal pyroclastic successions of Monte Pilato,
Forgia Vecchia, Rocche Pnsse «nd Lami. Chemical investigations were also carried out on glass
fragments from the dis.! 1allout rhyolitic ash beds that outcrop on Vulcano (Vulcanello) and
Stromboli, which are considered chrono-stratigraphically relevant to the recent eruptions of
Lipari (see Section 5). Major elements were analysed at the Research Laboratory of Archaeology
and the History of Art, University of Oxford, using a JEOL 8600 electron microprobe (EMPA)
operating at 15 kV accelerating voltage, 6 nA beam current, 10 micron probe diameter, counting
times of the peaks 30 seconds for all the elements (except for the Na, for which they were 10
seconds). The MPI-DING reference glasses ATHO-G, StHs6/80-G and GOR132-G (Jochum et
al., 2006) were used to monitor the accuracy and precision of the analyses. Trace element

analyses of the volcanic glasses were performed using an Agilent 8900 triple quadrupole ICP-



MS (ICP-QQQ) coupled to a Resonetics 193nm ArF excimer laser-ablation in the Department of
Earth Sciences, Royal Holloway, University of London. Complete analytical procedures for
volcanic glass analysis are reported in Tomlinson et al. (2010). Analyses were conducted using a
34 um spot for the proximal (and Vulcano) samples, and 25 pm for the distal tephra identified on
Stromboli. The repetition rate was 5 Hz, with a count time of 40 seconds on the sample, and 40
seconds on the gas blank to allow the subtraction of the background signal. Typically groups of
eight glass shards and one MPI-DING reference glass were bracketed by the NIST612 glass
calibration standard. The internal standard used was 2Si, ~ete,;mined by EMP analysis. In
addition, MPI-DING reference glasses were used to moni‘ur nalytical accuracy (Jochum et al.,
2006). LA-ICP-MS data reduction was performed in Microsoft Excel (Tomlinson et al., 2010).
Accuracies of LA-ICP-MS analyses of the ATHO-5 ¢nd StHs6/80-G MPI-DING glass were
typically <5% for most elements measured. Tke 7 1ll race element glass dataset generated for the
Lipari tephra samples analysed, along w'th 7.nalyses of the MPI-DING reference glasses, can be
found in Supplementary Information. *4ajor element glass data are reported and presented as
normalised to 100% (water-free ba<is, vvhile compositional averages are reported alongside their
20 value, unless otherwise ‘ateu. Owing to the similarity in normalised major element
compositions of the histnnical Lipari products, we have reported noticeable differences in
analytical totals betwee.™ suine eruption deposits analysed, this is adopted as a qualitative means
of inferring relative differences in H,O (volatile) content between samples, in the absence of
direct measurements. While we accept differences in analytical totals (reductions) can derive
from secondary hydration, this is unlikely to be a significant issue in these very young, fresh
terrestrial pyroclastic deposits, and this assumption is supported by the consistent analytical
totals at an individual sample level.

Ages for the Forgia Vecchia, Lami and Rocche Rosse lava flows and pyroclastic deposits were
obtained by paleomagnetic and accelerator mass spectrometry (AMS) radiocarbon dating.

Paleomagnetic dating has been widely used in the last three decades to date recent volcanic



successions (e.g., Speranza et al., 2006, 2008; Di Chiara et al., 2012, 2014; Villasante-Marcos
and Pavon-Carrasco, 2014; Greve and Turner, 2017; Juarez-Arriaga et al., 2018; Branca et al.,
2019; Risica et al., 2019, 2020). In this study, we paleomagnetically dated the Forgia Vecchia
and Rocche Rosse lava flows and welded pumice deposits of the Rocche Rosse and Lami
pyroclastic successions. Eight sites were sampled, one for the Lami pyroclastic succession, three
for the Forgia Vecchia lava flow, and four for the Rocche Rosse tephra and lava flow (Fig. 1a).
The samples were collected using a water-cooled, petrol-powered portable drill. Ten to sixteen,
2.5 cm-diameter cores oriented in situ by both a sun and a mac~etic compass were obtained from
each of the eight sampling sites, and 91 cores were coliec:2a in total. The natural remanent
magnetization (NRM) of one specimen per core wa< i, easured in the shielded room of the
paleomagnetic laboratory of the Istituto Nazionale di Gecfisica e Vulcanologia (Rome) by means
of a 2G Enterprises direct current, super-ccnd et.ng quantum interference device (SQUID)
cryogenic magnetometer. All the sample: w.re progressively subjected to alternating field (AF)
cleaning (yielded by three coils onh,.» with the magnetometer), using 11 demagnetization-
measurement steps (0 to 120 mT) ne: specimen. AF demagnetization data were plotted on both
orthogonal diagrams (Zijderv-rd, 1967) and equal-area projections, and the magnetization
components were isolated hy m:ans of a principal component analysis (Kirschvink, 1980). Site-
mean paleomagnetic u.~ecuons were obtained using standard Fisher statistics (Fisher, 1953).
Paleomagnetic dates were established by comparing the mean paleomagnetic directions obtained
for each lava and tephra unit with the recent reference curve of the geomagnetic field palaeo-
secular variations (PSV) of Pavon-Carrasco et al. (2021; SCHA.DIF.4K), using the Matlab
software by Pavon-Carrasco et al. (2011). The characteristic magnetization directions (ChRMs)
for each sample gathered from the same volcanic unit were combined to get a unit-mean
paleomagnetic direction that translated to a given age after comparison with the PSV model. The
paleomagnetic direction from one site of Rocche Rosse lava already sampled by Arrighi et al.

(2006) was re-dated using the updated reference PSV curve by Pavon-Carrasco et al. (2021).



The paleomagnetic dataset was integrated with two radiocarbon (**C) age determinations from
charred material sampled in the palaeosol immediately underlying the Forgia Vecchia tephra
sequence. The charcoals were chemically pre-treated at the Oxford Radiocarbon Accelerator
Unit (ORAU) using the acid-base-acid (ABA) methodology outlined by Brock et al. (2010). The
14C analyses were acquired using a HVEE AMS system at ORAU (Ramsey et al., 2004). The
radiocarbon ages were calibrated in OxCal v4.4 (Ramsey, 2009) using the IntCal20 calibration

curve (Reimer et al., 2020) and are presented in calendar years AD.

4. Results

4.1. Stratigraphy and lithology

The lava flows and pyroclastic successions of Mont~ F.'ato, Forgia Vecchia, Rocche Rosse and
Lami are recognized in different sites of the n. th:astern sector of Lipari, showing distinctive
lithological and sedimentological featu:2s. All of them sit on a reddish palaeosol that formed
above the Vallone del Gabellotto pyrc-lastic succession (and Pomiciazzo lava flow), but direct
stratigraphical relationships betwean tb.2 distinct units are generally difficult to recognize in the
field due to the limited nur:ner uf exposures. The main lithological, sedimentological and
textural features of the sw:diad units are hereafter described according to their chrono-

stratigraphic order esta>lisied in this work (starting from the oldest).

4.1.1. Monte Pilato

The Monte Pilato (MP) pumiceous pyroclastic succession is exposed in the north-eastern sector
of the island of Lipari. The contact with underlying units is marked by an up to 0.5 m reddish to
dark-coloured, humic-rich palaeosol. The MP deposits built a pumice cone that reaches a
maximum height of c. 350 m with average slope angles of 20°-30° and it has a 1 km large
summit crater that is open to the NE (Fig. 1b). The pyroclastic succession is superbly exposed in

the eastern sector of the cone in the up to ~150 m cliffs left by pumice quarries that were active



until the 1990’s. These sections cut the flanks and crater of the pumice cone near Porticello and
Acquacalda (Fig. 2a). The MP succession mainly consists of matrix-supported, massive to
crudely stratified ash and lapilli beds of variable thickness, alternating with well-sorted, massive
to normal-graded, clast-supported lapilli beds. White-coloured, highly vesicular pumice with
spherical to elongated vesicles constitute up to 97 wt.% of the deposit. The remaining 3 wt. % is
accounted by lithic clasts of andesitic lava (which represent up to 25 wt.% of the whole deposit
in samples collected at the base of the sequence) with a minor component of rhyolitic lava (Table
1). The upper portion of the MP succession is progressively mrre _*ratified, and contains pumice
clasts that become progressively less vesicular toward, e top. The decrease in juvenile
vesicularity is accompanied by a significant increase of o.<idian clasts from the base (4 wt.%) to
the top (15 wt.%; Fig. 3a, c) of the deposit. The amor:mu >f fine ash is particularly conspicuous in
the upper portion where the F2 fraction (<63 .in.' i7 up to 30 wt.%. The upper portion of MP is
observed in the Acquacalda quarry, alon th: rim of the crater and in the locality of Capo Rosso
that connects the villages of Canneto nd Porticello (Fig. 1b), and has a thickness that varies
between ~2 and 16 m.

Remnants of an obsidian lav~ flow are discontinuously recognized above the pyroclastic
succession along the lowes, .iorth-eastern side of the MP crater (cf. Sciarra dell’Arena
Formation, sal membe:; Forni et al., 2013). Unfortunately, dense vegetation and steep slopes

made it impossible to access some sections for observations and sampling.

4.1.2. Forgia Vecchia

The most prominent deposit of the Forgia Vecchia (FV) activity, whose vent is located ~3 km
south of Monte Pilato, is a bilobate, tongue-like (30 m thick), obsidian-rich lava flow with
typical foliation structures. The blocky and cracked surface is observed hanging behind the
Canneto village. The lava flow originated from the eastern rim of a low-profile, barely visible,

tephra ring with a diameter of 500-600 m that is located near the village of Pirrera (Fig. 1a). The



FV tephra was described and sampled in two locations. The most proximal outcrop has a
thickness of 5 m (base not exposed), whereas our most complete base-to-top exposure is about 2
m thick and is located ~600 m north of the crater, where the FV tephra is emplaced over a ~1 m-
thick palaeosol formed above the Vallone del Gabellotto pyroclastic succession. The FV
pyroclastic succession comprises medium to thick beds of massive, ash to clast-supported
pumice lapilli and bombs and lithics with crude layering and overall normal grading. Some beds
are plane parallel- to cross-stratified, but the majority of the deposit consists of clast-supported,
pumice lapilli beds (Fig. 2d). Grain-size distributions of ana’,<eu samples show good to poor
sorting (o¢ range 1.3-2.5), with unimodal curves displayir.g o excess of fine material (negative
skewness) (Table 1). Tephra beds consist of juvenile rk/0,:*ic whitish to grey pumice as the most
abundant component (up to 89 wt.%; Fig. 4 and Trole 1), and lithics of andesite lavas with a
maximum size of 40 cm. Pumice clasts are jei.~rully highly vesicular and have an elongated
shape. Towards the top, up to 50 cm in ¢ areter obsidian blocks and breadcrust bombs are more
abundant, with obsidian blocks creating impact sags. Black obsidian clasts get greyer in colour
towards the top of the sequence ar2 sc™.e of them are micro-vesicular.

At some localities, the FV lave flow is overlain by patches of an up to 15-20 cm thick, partially
altered and hardened, thirlv :tatified, normal-graded deposit of whitish ash and lapilli that is

rich in obsidian chips.

4.1.3. Rocche Rosse

The Rocche Rosse (RR) eruption produced the renowned lava flow that forms the north-eastern
edge of the island of Lipari (Fig. 1b). It is a lobate, tongue-like (up to 60 m thick), obsidian-rich
lava flow with developed ramps and flow foliation, and blocky and cracked surface (Shields et
al., 2016; Bullock et al., 2018). The lava flow originates from the lowered north-eastern rim of a
30-m-high, low-profile tephra ring (400 m large in diameter), hosted within the older Monte

Pilato crater, and it reaches the sea in the area between Porticello and Acquacalda. The RR



tephra succession is separated from the underlying MP deposits by an erosional unconformity
visible at the top of the wall at the Porticello quarry, and by the slope detritus and reworked
deposits near the basal MP flanks. The RR succession was examined and sampled in two main
exposures, one along the rim of the tephra ring at the top of the Porticello quarry, and the other
along the MP crater rim (Fig. 1a). The maximum observed thickness exceeds 10 m. The
succession comprises multiple, medium to thick, clast-supported beds of lithic-rich, pumiceous
lapilli that alternate with thin to medium beds of whitish ash and lapilli and include accretionary
lapilli. Coarser bombs, often surrounded by halos of red oxidatinn, ~re also present. A distinctive
m-thick layer of dark-coloured, welded, highly vesicula pumice fragments is observed in
proximal outcrops (Fig. 2c). Grain-size features of 1.nse deposits show moderately good
(c9=1.4) to poor (c$=-3.0) sorting, with commonly asymetric curves skewed toward the fine
fractions. The juvenile fraction mostly consists ¢ waitish to grey, moderately vesicular to dense
juvenile clasts (up to 94 wt.%) and grey to lack obsidians. Lithic clasts predominantly consist

of rhyolite lavas with sporadic andesite 'avas (Fig. 5a, c; Table 1).

4.1.4. Lami

The Lami (LA) pyroclastic scoreassion is produced by a small vent located on the southern flank
of the MP cone near the Vinage of Lami. The best exposures are located in a small quarry and in
a road cut near the village of Lami, where four stratigraphic sections were correlated to reveal a
total unit thickness of ~12 m (Fig. 2b). The LA tephra constructed a low-profile pyroclastic cone
around a crater dug in the Pomiciazzo lava flow and the MP deposits. This cone is presently
largely eroded and dismantled by human activity and mining. The LA succession consists of thin
to thick beds of medium- to well-sorted, clast-supported pumice lapilli and bombs beds that
alternate with minor massive to stratified, ash-supported lapilli beds that include large blocks and
several finer ash layers. There is a distinctive densely welded m-thick layer with flattened, highly

vesicular pumice at the top of the succession (‘pipernoid pumice deposits’; Pichler, 1980). Most



of the succession is made up of distinctive whitish to grey, highly vesicular to frothy pumice
with elongated to tubular vesicles, and grey and black to banded obsidian clasts and mixed
pumice-obsidian clasts. Lithics only consist of pluri-dm angular clasts of rhyolitic lava (Table 1).
Subordinate, dm-sized breadcrust bombs are present. Coarser clasts of rhyolite lava and obsidian
are generally associated with impact sags. Grain-size features of representative samples show
moderately good to poor sorting (c¢ ranging between 1.6-3.7), with asymmetric curves toward
the finer material, and few exceptions of positive skewness (bimodal trends to coarser fractions)
(Table 1).

In the lower part of the succession there are some interlavere peds of fine-grained, whitish ash
with slightly different features (Fig. 6). In fact, whilst most of the LA tephra is made up of
coarse-grained samples with unimodal grain-size cu-ve> those beds are richer in fine material
(F1 fraction <1 mm =39 wt.%) and show bimau ! rrain-size distributions, containing light grey
to white, poorly vesicular to dense juven e fragments, obsidian clasts and andesitic lithics.
Notably, a 30 cm layer of stratified asi. and lapilli with the typical features of LA is recognized
above the FV tephra in a key out~rop ~long the ridge that bounds to the south the Vallone del
Gabellotto gorge. This LA oL ~rop includes breadcrust bombs and a N-to-S bomb-sag that is
consistent with a provenance fom the LA vent. At this locality, no alteration or evidence of
erosion were observed . ~tween the FV and LA beds.

4.2. Geochemistry of the juvenile fraction

Major and trace element volcanic glass data are reported in Table 2 as sample compositional
averages, whilst the complete dataset is provided in the Supplementary Information (Table S1).
Major element glass compositions of all the studied samples are classified as rhyolites following
the Total Alkali vs SiO; diagram (TAS; LeBas et al., 1986) (Figs. 3-6) and display a high-K
calc-alkaline affinity (SiO, ~75 wt.% and K,O ~5 wt.%) (Table 2).

The MP tephra glasses are homogeneous rhyolites (n=129) with 74.8 + 0.5 wt.% SiO, and 9.2 +

0.2 wt.% Na,0+K,0 (Fig. 3b), and CaO and FeOt contents display limited variability with 0.7 +



0.1 wt.% and 1.6 + 0.2 wt.%, respectively. The average analytical total throughout the MP
dataset is 96.7 = 1.9 wt.% (1 s.d.) which allows us to infer significant H,O contents in these
young rhyolitic products.

The FV samples (n=80) are also homogeneous with SiO, contents of 75.4 + 0.4 wt.%,
Na,O+K,0 contents of 9.1 + 0.3 wt.% (Fig. 4b), and 0.7 £ 0.1 wt.% CaO and 1.5 + 0.2 wt.%
FeOt. The average analytical total for the FV glasses is 99.7 + 1.0 wt. % (1 s.d.), higher than the
totals of MP and suggesting a lower H,O content than MP.

The RR tephra (n=114) glasses show subtly more SiO, varihii2/ than MP and FV products
with SiO; contents of 73.5-75.8 wt.% (74.8 + 0.9 wt.%) aru 1:3,0+K,0 contents of 8.7-9.6 wt.%
(Fig. 5b). Whilst CaO (0.7 £ 0.1 wt.%) and FeOt (1.6 + L.? wt.%) show very little compositional
variability. Increases in SiO, content are accompaniza 2V overall decreases in Al,0; and K;0O
contents. The average analytical totals for the R\~ n’asses of 98.8 + 1.3 wt. % (1 s.d.) are higher
than those of MP, but lower than those ¢” FV.

The LA tephra (n=50) shows restricteu major element compositional variability with 75.3 + 0.4
wt.% SiO,, and Na,O+K,0 conterts ¢ 4.1 + 0.2 wt.% (Fig. 6b). CaO and FeOt contents are very
homogeneous, with 0.7 £ 0.1 v.*.% und 1.5 £ 0.2 wt.%, respectively. The average analytical total
for the LA glasses is 99.3 + ¢ 8 ‘wt. % (1 s.d.), higher than those of MP and more akin to those of
FV and RR (Table 2).

Overall, the major and minor element compositions of the four tephra deposits associated with
the different eruptions are largely indistinguishable, particularly given the analytical uncertainty
(Figs. 3-6; Table 2). The only notable differences are the consistently lower analytical totals
associated with the MP glasses (Table 2), and the subtly higher SiO, variability in the RR
glasses.

Similarly, the trace element compositions of the analysed tephra deposits overlap (Figs. 3-6; Fig.
S1). Normalised to primitive mantle, the glasses all display identical profiles with pronounced

depletions in Ba, Sr and Eu, which are consistent with K-feldspar fractionation (Fig. S1). Glasses



from all the four eruptions are enriched in the Light Rare Earth Elements (LREE) relative to the
Heavy Rare Earth Elements (HREE; Fig. S1). Trace element concentrations of the FV, RR and
LA volcanic glasses are all relatively homogeneous (Table 2), compositionally overlapping with
the MP and one another. Conversely, most MP glasses show significantly greater trace element
heterogeneity, with some MP glasses displaying distinctly lower levels of enrichment in
incompatible elements (Figs. 3-6). This potentially diagnostic feature is well illustrated by
comparing the Th content of the glasses associated with the different eruption deposits,
highlighting that MP glasses span a larger range of 42.1-56.4 »nn. Th compared to those of FV
(52.3-56.9 ppm), RR (50.9-56.9 ppm) and LA (49.5-57.4 pp™M) (Figs. 3-6). Interestingly, while
some individual MP samples show a narrower trace elrmcnt variability more consistent with FV,
RR and LA compositions, most MP samples displa,’ greater variability, with these more
heterogeneous samples displaying no clear relxti: n<hiip with juvenile texture and/or stratigraphic

height throughout the investigated succe:sior..

4.3. Dating

4.3.1. Radiocarbon (**C) ages

Two radiocarbon age deterni.n~.ions were carried out on charcoal material embedded within the
uppermost 5 cm of the aiacosol at the base of the FV tephra (Table S2). These charcoals yield
C ages of 842 + 26 yrs (LIP1704A1; OxA-38,254) and 868 + 25 yrs (LIP1704A2; OxA-
38,282), which correspond to AD 1165-1265 and AD 1050-1255 (95.4%; IntCal20),
respectively. Given that the charcoals were sampled at the same stratigraphic level, we combined
the two radiocarbon ages to obtain a **C date of 856 + 19 yrs BP, which calibrates to AD 1160-
1260 (95.4%; IntCal20). This date is consistent with the younger dates of Pichler (1980) for the
palaeosol set above the Vallone del Gabellotto pyroclastic succession, which is stratigraphically
below the FV tephra. Consequently, an age younger than AD 1160-1260 is suggested for the FV

tephra and lava flow.



4.3.2. Paleomagnetic dating

Four paleomagnetic dates are obtained for the RR lava flow and welded dark pumice, the FV
lava flow, and the LA welded pumice deposit. A characteristic ChRM in the 20-120 mT AF
interval was isolated for almost all the analysed samples (Fig. S2). NRM values are all similar
and range mostly between 1 and 20 A/m, except for the LA pumice that yield NRM comprised
between 0.08 and 0.3 A/m. Site-mean paleomagnetic declinations are in the 3.5°-18.3° range
(Table 3, Fig. 7a), whilst inclinations are comprised betweer 25.7° and 52.9°. The ags values
relative to the site-mean paleomagnetic directions vary from 2.5° to 5.9° (4.7° on average). We
discarded the incredibly scattered (ags values >10°) paleo:.~agnetic directions from the LIPO1 and
LIPO6 sites belonging to the FV lava flow. Data scette. is likely due to local block rotation/tilt
typical of a highly viscous rhyolitic lava flow:. Tne paleomagnetic directions from the RR lava
flow are consistent with those gathered ror. the same flow by Arrighi et al. (2006) and Lanza
and Zanella (1991), and all of them sho . angular deviations within 10°.

Input age windows needed to obt=in y2.eomagnetic dates were based on literature data and our
stratigraphic observations. Regrding the FV lava flow, we used an AD 400-1500 age window
that brackets both the fissiu track age of 1.6 ka (x 0.38) given by Bigazzi and Bonadonna
(1973) and the new rauiacarbon age provided in this work (younger than AD 1160-1260). For
the RR lava flow and welded pumice we used an AD 700-1500 age window that encompasses
the: i) *C date of AD 675-880 (Keller, 2002; Table S2) for the stratigraphically underlying MP
pyroclastic succession, ii) **C date of AD 1320-1340 (0.61+0.02 ka) provided by Caron et al.
(2012) for a cryptotephra sourced from Lipari in a marine core in the northern lonian Sea; and
iii) the archeomagnetic age of AD 1220 (+ 30) proposed by Tanguy et al. (2003) for the RR lava
flow. A similar age window of AD 700-1500 is adopted for the LA tephra bracketing the **C age
of AD 675-880 for the stratigraphically older MP pyroclastic succession and the fission track

age of 700 + 170 years BP (AD 1080-1420) provided by Bigazzi et al. (2003).



Paleomagnetic dating of the FV lava flow (site LIP02) yields a date of AD 1242-1306 (Table 3;
Figs. 7b and S3), which is chrono-stratigraphically consistent with the new **C date of AD 1160-
1260 determined on charcoals from the underlying palaeosol. A paleomagnetic age of AD 1253-
1316 is obtained for the LA welded pumice. We exclude the AD 1392-1410 date based on the
low probability density peak (Table 3; Figs. 7b and S3). The RR welded pyroclastic material
yields two possible ages - AD 1329-1417 and AD 1420-1490, and the date for the RR lava flow
is AD 1243-1304 (Table 3; Figs. 7b and S3). The latter is corroborated by both our
paleomagnetic directions, and the paleointensity value from the R lava (52.4 £ 1.1 uT) reported
by Leonhardt et al. (2006). Accordingly, we consider the AD 1243-1304 date obtained for the
RR lava flow as reliable. The dates for the welded nv, ~clastic material yield scattered ages,
which are probably related to the unstable nature of thc deposits, which are more prone to fail
and tilt after emplacement with respect to quesi 0ld lava flows (e.g. Speranza et al., 2004). In
order to test the reliability of the RR we«der. pyroclastic age, we re-assessed the paleomagnetic
direction provided for the RR lava tic'v provided by Arrighi et al. (2006) using the updated
SCHA.DIF.4K PSV model from Pa\ 4r.-Carrasco et al. (2021), which changes to date to AD
1183-1274 (Table 3). This youger date is consistent with that of the RR lava flow (AD 1243-

1304).

5. Distal rhyolitic tephra layers on Stromboli and Vulcano islands

White rhyolitic ash layers apparently sourced from Lipari and within the stratigraphic window of
this study are recognized on the islands of Stromboli and Vulcano (Fig. 8). These were collected
for this study and analyzed for correlation. Although another tephra layer in this time interval
was identified above palaeo-detrital deposits containing late Roman age artifacts on Panarea
island, and correlated to the MP eruption by Romano (1973), it is no longer exposed and could

not been analysed for this study.



On Stromboli, a white ash layer occurs at different sites on the north-eastern sector of the island
(40 km NE from Lipari), and it is found directly below the scoria deposits that represent the
succession from the onset of the present-day persistent Strombolian activity (Rosi et al., 2000;
2013). The sample analyzed here belongs to a newly discovered outcrop at ~400 m a.s.l. (Fig. 8;
38.795476°N, 15.225255°E). The ash layer shows a variable thickness in the range of 2-5 cm,
with a basal, coarser-grained (Md¢$=1.56), poorly sorted (c$p=2.21) bed and an upper, finer-
grained (Md¢$=3.02), moderately sorted (c$p=1.91) bed. Juvenile pumice account for 70 wt.% of
the sample, with a lithic component represented by dark scoria «~d lavas typical of Stromboli
that are possibly introduced into the bed by local winc v vorking. When only the juvenile
fraction is considered, highly-vesicular pumice with <ni,~rical or tubular vesicles represent 98
wt.% of the sample, with dense blocky clasts accountiny for the other 2 wt.% (Fig. 9a, b). Major
and trace element compositions of the juvenils y'as, are homogeneous rhyolites with 75.0 + 0.2
wt.% SiO; and 9.0 £ 0.2 wt.%, Na,O+! -O (n=25), entirely consistent with all the four Lipari
eruption deposits investigated here (ki3 9e-g; Table 2). The average analytical total for these
distal glasses is 97.2 + 1.3 wt.% /1 . 7.), potentially indicating significant H,O content. Trace
elements contents of these rhylitic glasses show significant heterogeneity with 44.3-55.9 ppm
Th, 158-186 ppm Zr, 54.8-61.5 Hpm La and 105-129 ppm Ce.

On Vulcano, a white as™ 1ayer sourced from Lipari has long been recognized interfingered with
some of the products of La Fossa cone (Keller, 1980; Gurioli et al., 2012, De Astis et al., 2013;
Di Traglia et al., 2013, Rosi et al., 2018). Specifically, along the flanks of La Fossa cone the ash
layer is interlayered within the deposits known as ‘Commenda Breccia‘(Caruggi Formation, ca;
member; De Astis et al., 2013), recently dated at AD 1250 (Gurioli et al., 2012; Di Traglia et al.,
2013; Rosi et al., 2018). An ash layer is also exposed on top of the Vulcanello lava platform
interfingered within brownish ash correlated to the ‘Commenda Breccia®, and thus shares the
same stratigraphic position as the sample at La Fossa. The sample analyzed here is related to the

ash layer that is exposed on Vulcanello (Fig. 8; 38.425371°N, 14.954087°E), which is ~10 cm



thick and consists of four normal-graded beds (Md¢ range 1.5-2.5) characterized by an increase
of obsidian content from base to top. The componentry analysis carried out on the fraction >500
um indicates that, on average, the juvenile fraction mostly consists of dense to microvesicular,
blocky juvenile clasts and obsidians (59 wt.%) with a subordinate amount of vesicular pumice
grains (41 wt.%) (Fig. 9b, d). Obsidian chips are particularly abundant (up to 20 wt.%). Glass
compositions of this ash layer are homogeneous rhyolites at a major element level (74.9 + 0.2
wt.% SiO,; 9.1 = 0.2 wt.% Na,O + K,0 [n=29]) (Table 2), and the average analytical total for
these glasses is 99.9 + 0.6 wt.% (1 s.d.) indicating relativzs \ow H,O contents. The trace
element contents are equally very homogeneous (55.9 + 0 J pym Th, 187 + 3 ppm Zr, 66.6 + 1.0

ppm La and 128 + 2 ppm Ce (Fig. 9e-g).

6. Discussion

6.1 Chronology, dispersal and evolutio.” o’ the eruptive activity

The studied lava flows and pyroclastic deposits of MP, FV, RR and LA resulted from four
distinct eruptive events in the lesc 12C0 years, which partially overlapped in time and space.
Lithostratigraphic and sedim.ntological analysis, combined with new radiocarbon and
paleomagnetic dates, reisicd  historical reports, along with geochemical and textural
characterization, allow s to propose an updated chronostratigraphic framework for the most
recent eruptive history of Lipari (Fig. 10). This reconciles the contradictory chronological
attributions in the literature and sheds new light on correlations with distal tephra layers. In
particular, we suggest that the MP eruption was the earliest, and the FV, RR and LA eruptions
were almost contemporaneous and occurred c. 500 years later. The N-S aligned faults played a
major role in controlling the vent locations of the most recent eruptive activity on the island. The
different vents and their eruptions are hereafter discussed (starting from the oldest) integrating
the different datasets in order to derive chronology, areal dispersal and potential distal

correlations.



6.1.1. Monte Pilato

The MP pyroclastic succession is considered the result of a single, relatively continuous
explosive eruption based on the fairly homogeneous lithostratigraphic features and absence of
internal erosional unconformities. The eruption had a quasi-sustained eruptive regime with
significant intensity, and the deposits constructed a 150 m-high pumice cone open to the NE
formed mostly from fallout and pyroclastic density current deposits (hereafter PDCs; Dellino and
La Volpe, 1995; Forni et al., 2013). The MP activity is th~ recult of a partially collapsing
eruption column that produced alternating fallout layers of wc'l-sorted pumice lapilli and poorly-
sorted, massive to plane-parallel stratified, ash-suprnind lapilli beds deposited from PDC
activity (in agreement with Dellino and La Volpe, 1995,. The eruption evolved through time in a
pulsatory eruptive regime with variable energ/ <.« <'iown by the denser stratification of deposits
in the upper portion of the succession, v tth Jeposits mostly from PDCs and smaller amounts of
fallout layers. The coarser (>1 mm) fi.~tion of the 16 samples analysed here are representative
of the whole sequence, and documer.* - prevailing highly vesicular juvenile component whose
density slightly increases tow. ds w1e top of the sequence. The eruption was fed by a broadly
compositionally homogeneous 'nagma batch since no significant differences in major element
compositions have bee.: Tuund among the corresponding products. However, it is important to
note that at a trace element level most MP glasses, at different stratigraphic heights, display a
substantial compositional variability, while a limited number of samples show a narrow
compositional range, indicating no clear relationship between glass composition and
stratigraphic height or juvenile texture.

Based on the volume of the outcropping products, the MP eruption represents by far the largest
intensity and magnitude eruption on Lipari in the last 1500 years. However, while the thickness
of the MP tephra rapidly decreases away from the cone, deposit architecture suggests that most

of the deposition occurred towards the northern sector of the island and a substantive portion of



the deposits were possibly emplaced at sea. These observations, linked to the findings of MP
rhyolitic tephra (and cryptotephra) within the Marsili basin, and other Tyrrhenian Sea cores (also
see Section 6.2), suggest that the eruption is likely to have produced and dispersed a large
amount of fine ash with a preferred distribution to the NE that mirrors the main dispersal of the
unit in proximal areas.

A shifting to effusive activity likely occurred during the latest phases of the MP eruption as
indicated by the increased amount of fresh obsidian fragments towards the top of the tephra
sequence and the presence of remnants of an obsidian-rich lav2 1.ow that was recognized along
the rim of the crater by Forni et al. (2013). Unfortunately, we ~urrent state of the outcrop did not
allow us to further confirm this observation.

The age of MP eruption is well constrained by the *C ate of AD 780 (AD 675-880) obtained
for short-lived, carbonized plant material emhe!' {e7, within the base of the tephra unit (Keller,
2002), which is fully comparable to no‘ner radiocarbon age of AD 780-785 previously
presented by Keller (1970). This age cttribution is in turn consistent with the findings of MP
deposits above Greek-Roman ruire d.ted up to 4-5™ centuries AD on Lipari (Keller, 1970), and
also with the recognition of a 4P uistal ash layer above Late Antique Butrint (from late 4™ to
late 6™ century AD) archeoionical excavations in Albania (Bescoby et al., 2008), although the
latter does not provide ‘nucpendent dating and instead uses the tephra layer as a chronological
indicator. The age of AD 780 for the MP eruption is further supported by the historical report of
the monk Gregorius who in AD 787 described an ongoing eruptive activity on Lipari (Cozza-
Luzi, 1890). Moreover, Manni et al. (2018) suggested that the major, long-lasting demographic
crisis that occurred on Lipari between the 6™ and 11" centuries may have been associated with
the peak in eruptive activity of MP. Bernabo Brea (1978; 1989), reported by Cortese et al.
(1986), assumed that the explosive eruption described by the bishop Willibald in AD 729
corresponded to the MP eruption, but a careful revision of this chronicle puts this attribution in

great doubt, highlighting instead a more probable link with an eruption that occurred on the cone



of La Fossa on volcano. Finally, the legend of Saint Calogero reported by Pichler (1980)
apparently describes eruptive activity on Lipari in AD 524-562, but we consider this report

unreliable because not clearly indicative of eruptive activity of Mount Pilato on Lipari.

6.1.2. Forgia Vecchia

The FV eruption occurred from a vent around the village of Pirrera. The initial phase of the
eruption was explosive, and it was followed by the emission of an obsidian lava flow. A series of
explosive pulses from a recurrently collapsing eruption colum» which produced fallout pumice
lapilli beds, alternated with PDC activity. During the late si.nes, the explosive activity became
more pulsatory and impulsive, with a significant increa.~ of ballistic fallout of fresh obsidian
blocks and breadcrust bombs. The lack of internal erc<ional unconformities suggests that no
significative pauses occurred during the explcsi e ~ctivity. The FV deposits built a low-profile
tephra ring, which rapidly thins away frcm t'ie source. The activity ended with the emplacement
of an obsidian lava flow that overflow. the eastern rim of the crater and flowed along the pre-
existing slope. No subsequent exrlas. / activity is recorded after the effusive phase. Patches of
fine-grained, altered to oxidize ! writish pyroclastic material recognized above the lava flow are
instead related to a different c-1rstion (see Section 6.1.3).

The timing of FV erupu~n 1as been controversial, with contrasting absolute and stratigraphic age
attributions in the literature (Bigazzi and Bonadonna, 1973; Cortese et al., 1986; Forni et al.,
2013). Here we constrain the age of the eruption by combining radiocarbon and paleomagnetic
dates. A radiocarbon age of AD 1160-1260 for carbonized material embedded in the upper part
of the palaeosol below the FV tephra constrains the onset of the eruption, while the effusive
phase is constrained via paleomagnetism to AD 1242-1306. This age is about 900 years younger
than the fission-track age of 1.6 ka (AD ~400) by Bigazzi and Bonadonna (1973). This means
that the FV eruption occurred after a pause in eruptive activity of c. 500 yrs following the MP

eruption. A younger age for FV relative to MP had already been suggested by Forni et al. (2013),



whilst the new age determinations allow us to definitively reject the hypothesis of Cortese et al.
(1986) that the FV and MP eruptions were contemporaneous. Eruptive activity in the area of FV
is not clearly described in historical reports, an exception is a chronicle of eruptive activity in
Lipari in AD 1265 (“Chronicon aliud breve Pisanum” cited in Bernabo Brea, 1979), which
suggests the likely source of activity was in the area of Pirrera (Guidoboni E., pers. comm.). This

date is largely consistent with the **C and paleomagnetic age derived here for the FV eruption.

6.1.3. Rocche Rosse

The RR eruption occurred from a vent located in the ares. v, Fossa delle Rocche Rosse, within
the more elevated part of the MP crater. The initial cvolosive phase was characterized by
multiple pulses of a recurrently collapsing eruption cslun that produced PDCs and a number of
ash and lapilli fallout beds with a significant Fai!st’c component. The near-vent deposits form a
low-profile tephra ring hosted within the old2r MP crater. Thick beds of welded (dark-coloured)
juvenile bombs are recognized within ne tephra succession only close to the vent. If compared
to the characteristics of the underhing MP deposits, the juvenile fraction >1 mm shows striking
differences in terms of propc:tions of dense vs. vesicular components, with the latter being
minor to absent. The final ni.~s%, of the eruption was effusive with the emission of the renowned
obsidian lava flow.

As for the chronology of the RR eruption, we obtained a paleomagnetic date of AD 1243-1304
for the lava flow, which is considered more accurate than the slightly older ages of AD 1329-
1417 and AD 1420-1490 obtained for the welded dark pumice. The age of AD 1243-1304 is
broadly consistent with the age of AD 1220 proposed by Tanguy et al. (2003) and Arrighi et al.
(2006) on the basis of archeomagnetism, and it is our preferred age attribution for RR, being
substantially younger than the fission track age of 1.4 ka by Bigazzi and Bonadonna (1973).
There are no historical reports of an eruption in the study area in this time interval although, as

noted previously, there was a demographic crisis in the study area between the 6™ and 11"



centuries (Manni et al., 2018). On the other hand, the chronicle of eruptive activity on Lipari in
AD 1265 (Bernabo Brea, 1979), mentioned above for the FV eruption, could also be related to
contemporaneous activity from multiple vents in the area of Forgia Vecchia and Rocche Rosse.

Based on the proposed age attributions and stratigraphic correlations, we suggest that the altered
and oxidized whitish pyroclastic material recognized above the FV lava flow can be attributed to
the RR explosive phase, suggesting a southwards dispersal for the RR fallout products. This
tephra bed mantles an irregular, blocky lava surface, not yet modified by erosion. Moreover, the
high degree of tephra alteration and hardening may be attrihuw. to high-temperature fluids
circulation, which indicates that the FV lava flow was still iiu. wnen the RR tephra deposited and

confirms that the two eruptions were near-contemporanao.s.

6.1.4. Lami

The LA tephra is considered the product of 7. small-magnitude eruption from a lateral vent along
the southern flank of the MP cone. The eruption showed repeated eruptive pulses that produced
discrete lapilli fallout beds, ballistic ~mbs and blocks, and minor dilute PDCs, which are all
characterized by a limited thickness around the vent. The LA tephra built a low-profile cone
along the lower elevated nai: o' the southern flank of the MP cone (Forni et al., 2013). During
the latest phases of che eruption, low-fountaining produced a layer of densely welded, highly
vesicular pumice recognized at top of the succession. The abundance of ballistic clasts that are
up to 50 cm in diameter (breadcrust bombs, lithics of rhyolite lava and abundant fresh obsidian
blocks) are indicative of proximality to the vent (Pichler, 1976; Cortese et al., 1986; Dellino,
1991; Lucchi et al., 2010; Forni et al., 2013). This observation, combined with a distinctive
componentry, allows us to reject the alternative hypothesis that the LA tephra is a part of the MP
pyroclastic succession that was suggested by Davi et al. (2011).

We paleomagnetically dated the LA eruption to AD 1253-1316, which is consistent with the

fission track age of 700 years BP (AD 1250) by Bigazzi et al. (2003). The LA activity is thus



almost contemporaneous with the RR eruption, as previously suggested by Forni et al. (2013)
based on stratigraphic features. The occurrence of some ash beds interlayered within the LA
succession that have the distinctive weakly vesicular pumice components of the RR tephra is
further evidence for contemporaneous activity from the different vents. We did not recognize
any ash layers with the grain-size and componentry of the MP tephra within the LA succession,
which has led us to exclude the hypothesis of Cortese et al. (1986) that the LA and MP eruptions

were contemporaneous, as also confirmed by our new age attributions.

6.2. Proximal-medial-distal correlations of Lipari-sourreu vhyolitic tephra

The new chrono-stratigraphic framework for the MP, FVv, RR and LA eruptions, combined with
lithological and textural characterization and geochemical analysis of the glass, have important
implications for the use of the corresponding *2.'«ra layers as chronostratigraphic markers in the
Aeolian Islands region and across the sou.nern Mediterranean area. Lipari-sourced rhyolitic
tephra and cryptotephra layers have L"en recognized subaerially on the Aeolian Islands (see
Keller, 1980; Rosi et al., 2000; Lu~ch. e_al., 2013d; Albert et al., 2017; Rosi et al., 2018) as well
as in marine sediment sequenc:s o1 the southern Tyrrhenian (Paterne et al., 1988; Di Roberto et
al., 2008; Albert et al., 201%, ?017) and Northern lonian (Caron et al., 2012; Menke et al., 2018;
Di Donato et al., 2019, 'nsinga et al., 2020) seas. Based on their rhyolitic composition, aphyric
texture and stratigraphic position above the widespread Vallone del Gabellotto marker bed, these
distal tephra layers have been generally correlated to the MP eruption, which was considered that
with the largest magnitude and dispersal. However, correlations of these distal tephra layers to
the individual eruption deposits described in detail in this paper have not previously been
attempted.

Here we utilize newly reported glass geochemical analyses of the rhyolitic ash layers on
Stromboli and Vulcano, along with a re-appraisal of deposits found in the area of the Monte San

Angelo on Lipari (Albert et al., 2017), to validate proximal-medial-distal correlations. The



largely overlapping major and trace element glass chemistries of the MP, FV, RR and LA
volcanic glasses mean that a chemical approach alone cannot be used to determine the individual
source eruption of a distal rhyolitic tephra. However, there are some subtle diagnostic features of
the different proximal eruption deposits. MP erupted glasses consistently have the lowest major
element analytical totals, probably indicating higher H,O contents in these young, fresh deposits,
although this feature is less suitable when dealing with fine distal marine tephra samples. More
importantly, MP glasses display a larger degree of trace element variability with respect to the
younger FV, RR and LA eruption deposits (Fig. 3). Unfortunat=!v, :race element compositions of
distal marine Lipari-sourced samples are not extensivziy reported in the literature. As a
consequence of the limited discrimination potential o volcanic glass geochemical features,
correlations between the different eruption deposits !su *ake into account the texture of juvenile
clasts carried out on comparable grain-size fr. tinns, combined with the reconstructed areal
distribution of the deposits and local str: tigraphy in the medial-distal locations. We do not take
into account the variability of vesicula,*ty/density highlighted for MP by Dellino and La Volpe
(1995) in the finest <63 um ash fra~tic s,

Albert et al. (2012, 2017) reportea medial fall deposits of MP on top of Monte San Angelo
(Central Lipari), based on thei~ apparent stratigraphic position upon a paleosol formed above the
Vallone del Gabellotto nroducts, and used their geochemical signature as the reference for
correlation with distal rhyolitic tephra deposits in the historical timeframe. Our new analysis of
the proximal MP succession raises uncertainty over the attribution of these Monte San Angelo
deposits to MP. Trace element glass compositions from the deposits above the Monte San
Angelo unit (Albert et al., 2017) are distinct from those of the eruption deposits of the last 1,500
years that are documented in this paper and the near-vent MP succession. Specifically, using the
Th vs. LREE bi-plots (La, Ce) adopted to discriminate the successive eruptions on Lipari by
Albert et al. (2017), it appears that the deposits on Monte San Angelo are offset to lower LREE

content and are instead in better agreement with the underlying Vallone del Gabellotto eruption



unit, or at least reside on a similar evolutionary trend (Fig. 9). However, glasses in the upper
portion of the deposits on Monte San Angelo extend to higher incompatible trace element
contents (including Th, U, Nb) relative to the Vallone del Gabellotto products, and in this sense
are more similar to those of MP and other historical eruption deposits. Based on these conflicting
chemical features, we tentatively suggest that the deposits on Monte San Angelo are related to
another eruption chrono-stratigraphically between Vallone del Gabellotto and MP, which we did
not observe in the proximal record. Indeed, distal ash fall records already suggest the Early-
Holocene eruptive activity of Lipari, particularly associated with the Vallone del Gabellotto, is
not fully captured by current proximal sequences as thzre are at least two stratigraphically
separated ash fall events in this time-interval reported .~ different marine cores (Siani et al.,
2004; Crocitti et al., 2019). Furthermore, sediment corc~ from the lonian Sea, Gulf of Taranto,
suggest at least three Lipari-sourced ash fall e'e, s ‘n the Late-Holocene, with one predating the
MP eruption (Di Donato et al., 2019). Given the uncertainty surrounding the origin of the
deposits recognized on Monte San Any~lo by Albert et al. (2017), we recommend adopting the
glass chemistry of the near-vent MP d.posits presented here for future proximal-medial-distal
correlations.

The distal rhyolitic tephra >v.r recognized in several outcrops on Stromboli island is here
correlated to the MP ercnuun based on the occurrence of distinctive (dominant) highly vesicular
pumice clasts. This correlation is also supported by glass geochemistry. The low (avg. ~97 wt.%)
major element analytical totals for this tephra layer suggest it is consistent with those of the MP
(Table 2). Most importantly, the trace element contents of the tephra layer on Stromboli show a
greater heterogeneity than the FV, RR and LA eruption deposits - a distinctive feature of the MP
eruption products (Fig. 9). Moreover, the distal tephra layer is recognized immediately below the
deposits related to the present-day activity of Stromboli that are independently dated to the 7"-8™
century using **C (Rosi et al., 2000), which is in good agreement with the age of the MP

eruption. Given that the main dispersal of the MP tephra observed in proximal areas is towards



NE, a correlation of the tephra on Stromboli with the MP eruption is also consistent with the NE
location of Stromboli with respect to Lipari. The area of fallout dispersal is crucial as most of the
MP-sourced rhyolitic tephra (and cryptotephra) layers recovered from marine sediments occur to
the NE and E of the source area. A rhyolitic ash layer was also found on top of a marine
sediment core in the Marsili Basin (TIR2000-C01; Di Roberto et al., 2008; Albert et al., 2012), c.
75 km to the N of Lipari. Although glass compositions are not conclusive, we suggest that this
marine tephra layer is related to the MP eruption due to the distinctive presence of dominant
highly vesicular glass shards with tubular vesicles which characw.ize MP pyroclastic deposits.
Another rhyolitic ash layer was identified in a sedimentary s>quence in Albania, c. 600 km NE
from Lipari (Bescoby et al., 2008), and correlated to M+ ~ruption, although no independent age
is provided. The identification of the MP in ma.'ne cores through detailed chemical
fingerprinting (Di Roberto et al., 2008; Alber* e: al , 2017) and the absolute age determinations
(Paterne et al., 1988) substantially exten ¢ th: dispersal of MP to the N, suggesting that much of
the Tyrrhenian area could have been cu ‘ered by tephra fallout during the MP eruption. By these
means, the MP eruption is affirmad (< (he highest magnitude/intensity eruption during the last
1500 years of activity on Lipar:

The rhyolitic Lipari-sourcea cst layer documented on Vulcano in different sites along the flanks
of La Fossa cone and \v"'canello has been long attributed to the MP eruption (Keller, 1980; De
Astis et al., 2013), based on the idea that this was the only one eruption able to disperse fine ash
over large areas. However, a recent paleomagnetic age of AD 1250 for the ‘Commenda Breccia*
unit into which the ash layer is interfingered (Gurioli et al., 2012; Di Traglia et al., 2013; Rosi et
al., 2018) makes an attribution to the MP eruption unlikely, instead suggesting a possible
correlation with the RR eruption. We note that the homogeneous rhyolitic glass compositions of
the different eruption deposits in the investigated time span are not helpful in supporting any
specific correlations, because the distal ash layer fits generically with the compositional field

involving all the studied proximal units on Lipari (Fig. 9). However, given a larger degree of



heterogeneity at a trace element level of the MP tephra it seems unlikely that the Vulcano ash
bed can be attributed to this eruption. Furthermore, the textural analysis indicates the distal ash
layer on Vulcano mostly consists of blocky dense to microvesicular juvenile clasts and
obsidians, which is feature of the RR eruption deposits and not consistent with those of the MP
eruption (Fig. 9). Considering the proximal MP deposits show an increase in obsidian chips and
a slight decrease in vesicularity towards the top of the sequence, it could be argued that the
Vulcano rhyolitic ash could result from a final phase of MP eruption. This is not supported by
the overall characteristics of the ash on Vulcano as 80% of tno clasts are high-density and
blocky, which is not observed even in the final phases of ru..imal MP eruption deposit. For the
same reason, the highly vesicular LA and FV eruption aeosits are not proximal counterparts of
the ash layer on Vulcano. A correlation between the csh layer on Vulcano, located south of
Lipari, with the RR eruption is consistent w:-h the southwards dispersal of the eruption,
confirmed by the occurrence of its altere 1 te ghra above the FV lava flow, and that the older MP
eruption deposits are mostly dispersea *n the NE. Although our data are not fully conclusive, a
correlation of the tephra layer or V. lrano with the RR eruption is most likely based on our
current knowledge.

Interestingly, rhyolitic tephra 'ayers were identified along an eastern axis from Lipari, i.e. in the
Gulf of Taranto and in e 1unian Sea (Di Donato et al., 2019; Caron et al., 2012). Given the AD
1321-1349 date for the tephra , Caron et al. (2012) attributed it to a generic MP eruption. Menke
et al. (2018) also identified a rhyolitic tephra layer which they attributed to MP based on **C age
determinations and an age model based on the sedimentation rate in that area, while leaving open
the possibility of a younger age (i.e. 13™ century). The attribution to eruptive events younger
than MP was however discarded due to their reduced volume and intensity compared to MP.
These tephra layers cannot be univocally attributed to MP or to other more recent eruptions on
Lipari because the existing geochemical correlations are not conclusive and some of the

independent age constraints can be debated. However, it is likely that there was (at least) one



eruption younger than MP in the 13" century that dispersed ash to the E forming ash layers in
the Mediterranean. Considering that the ash layers in the lonian Sea are all composed of
vesicular glass fragments, we propose that the FV eruption is the potential proximal equivalent
of these distal layers (RR has a dominant dense juvenile component and Southwards dispersal),
even if the LA eruption could have also produced some widely dispersed ash to the east. It is
notable that the FV eruption was probably not considered in the previous papers because its age
attribution was ambiguous. A chemical and chronological re-appraisal, where trace elements are
used to identify MP candidates, and purely independent age ™mou~ls for the respective marine
cores (Lipari historical eruption ages are excluded), is neerieu *o validate these proximal-to-distal

correlations.

7. Conclusive remarks

In this paper we have adopted a multid sciriinary approach, and combined volcanological and
stratigraphic analyses with paleomagne:ic and **C dates of lava flows and tephra units in the NE
sector of Lipari island with a re-eval =ion of historical reports, which provide a new chrono-
stratigraphic framework for th: mout recent rhyolitic eruptive cycle in the last 1500 years. The
earliest eruption in the inve-tijated time span was that of Monte Pilato during the late 8"
century, which led to ti.> Turmation of a pumice cone and produced a substantial tephra dispersal
extending towards the NE. This eruption was the most energetic and capable of dispersing
volcanic ash across a large area, as validated by correlations with distal tephra layers on
Stromboli island and in marine sediment sequences in the southern Tyrrhenian Sea. A
significantly younger age (c. 500 yrs after the Monte Pilato eruption) is proposed here for the
Forgia Vecchia eruption, derived from consistent paleomagnetic and radiocarbon ages and re-
appraisal of historical reports. Forgia Vecchia is thought to have produced a tephra dispersal that
extended towards the lonian Sea and the Gulf of Taranto.

Stratigraphic analysis and paleomagnetic ages for Rocche Rosse (AD 1243-1304) and Lami (AD



1253-1316) indicate that the two eruptions were probably contemporaneous with the activation
of N-S-aligned different vents, and these occurred shortly after the Forgia Vecchia eruption.

Accurate age assessment of the different eruptions, combined with textural and geochemical
characteristics of the glass fragments and information on the dispersal of each tephra have
offered further information on the tephrochronological use of the most recent Lipari-sourced
rhyolitic ash beds and cryptotephra layers in continental and marine settings. While many distal
ash layers found in subaerial settings (Stromboli) and marine cores may be confidently attributed
to the Monte Pilato eruption, our reconstruction indicates that the ;9unger eruptions from Lipari
during the 13" century may have produced further tephra r.cu.'rrences in subaerial areas (Rocche
Rosse on Vulcano), and in marine cores (Forgia Veccuria in the lonian sea) with the latter
requiring further investigations. Based on the collrcw.? data, we finally remark that all the
studied historical rhyolitic eruptions show almo. ir.entical glass chemistries, implying that it is
difficult to use a geochemical fingerprin alrne to establish precise source correlations for distal
tephra layers, and consequently, deta.!~d chrono-stratigraphy, combined with information on

physical features of tephra and disnerca! characteristics also need to be considered.
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FIGURES

Figure 1. a) Sketch map showing the distribution of the m.an. lithostratigraphic units targeted in
the present study as obtained from the geological mau of Lucchi et al. (2013). The studied
outcrops and sampling sites are also indicated. In the :nset, the location of the study area on
Lipari and the position of the Lipari island ii. th: Aeolian archipelago (Southern lItaly) are
shown. b) 3D image of the studied sect «r 0. Lipari (seen from NE) showing the main features

and locations mentioned in the text (fro.m https://www.terrametrics.com, ©2018 Google).

Figure 2. QOutcrop photograr''s 0. the studied tephra units. a) Monte Pilato succession as
exposed in the Porticello nuan (LIPO3 in Figure 1a; a person in the foreground for scale). The
red line marks the uncetuimity separating MP tephra from the upper RR activity. b) The MP
tephra sequence in the Porticello quarry (LP1710 in Figure 1a, picture taken from the foreground
ridge shown in (a); man for scale in the distal part of the rim, Panarea and Stromboli islands in
the background). The very final (50 cm) part of the section belongs to the RR sequence. c) A
portion of the Lami pyroclastic succession in one of the main outcrops near the vent area
(LP1713 in Figure 1a). d) Upper part of the Rocche Rosse pyroclastic succession as visible at the
top of the subvertical wall of the Porticello quarry (LP1704 in Figure 1a) showing the welded,

darker pumice deposits on top of the sequence. RR lava on the foreground. e) Forgia Vecchia



pyroclastic succession (with the basal palaeosol) in an outcrop near Pirrera (LP1704 in Figure

1a).

Figure 3. The Monte Pilato pyroclastic succession. a) Synthetic stratigraphic succession based
on the LP1710 and LP1714 outcrops, located within the crater and 1 km N, respectively (Fig.
1a); including grain-size distributions and componentry. b) Major and trace element glass
compositions (hollow symbols refer to data from the other tephra units documented in this
paper). c) Texture of the juvenile fragments (sample LP1714b} as >2en in backscattered electron

images.

Figure 4. The Forgia Vecchia pyroclastic succession. a) Stratigraphic succession at locality
LP1704, located ~600 m north of the vent (+' o 1a), including grain-size distributions and
componentry. b) Major and trace elemer.: gl.ss compositions (hollow symbols refer to data from
the other studied tephra units). c) T1.vture of the juvenile fragments (sample LP1704c in

backscattered electron images.

Figure 5. The Rocche Reese 1 roclastic succession. a) Synthetic stratigraphic succession based
on observations within v 2 rorticello quarry, grain-size distributions and componentry at LP1702
(Fig. 1a). b) Major and trace element glass compositions (hollow symbols refer to data from the
other studied tephra units). ¢) Texture of the juvenile fragments in sample LP1702b as seen in

backscattered images.

Figure 6. The Lami pyroclastic succession. a) Synthetic stratigraphic succession, grain-size
distributions and componentry (LP1712 and LP1713; Fig. 1a). b) Major and trace element glass
compositions (hollow symbols refer to data from the other studied tephra units). ¢) Texture of the

juvenile fragments (sample LP1713d) as seen in backscattered electron images.



Figure 7. a) Equal-area projection (lower hemisphere) of site-mean paleomagnetic directions
from the analyzed units. The ellipses around the palaeomagnetic directions are the projections of
the relative ags cones. All the paleomagnetic directions are listed in Table 3. b) Synthetic
framework of the dating (**C and paleomagnetic) obtained in the present study.**C dates are

reported at 95.4% confidence interval.

Figure 8. Main features (thickness and 2D-3D textures of the crains) of the distal rhyolitic
Lipari-sourced tephra layers found in Stromboli (~40 km f,u1.> ivionte Pilato) and Vulcano (in an
outcrop on Vulcanello; ~10 km from Monte Pilato) island= with their suggested dispersal on the

basis of the proposed proximal-distal correlations.

Figure 9. Proximal-distal tephra correl tior.s of the Lipari eruptions. Backscattered electron
images of glass fragments in: (a) the p-oximal Monte Pilato pyroclastic succession; (b) Rocche
Rosse proximal tephra; and the whitc tzphra on (c) Stromboli and (d) Vulcanello. (e-g) Major
and trace elements glass data f:2m we distal tephra layers are the four studied proximal units on
Lipari. Glass compositions ~f the 8.7-8.4 ka Vallone del Gabellotto pumiceous pyroclastic
succession are showi, 1ur comparison. These older deposits have trace element glass

compositions that are distinctly different from those of the recent Lipari activity.
Figure 10. Correlation of the stratigraphic successions and the reconstructed chrono-
stratigraphic framework of the four eruptions during the last eruptive cycle of Lipari, based on

stratigraphic relationships, and **C and paleomagnetic ages.

SUPPLEMENTARY FIGURES AND TABLES



Figure S1. Normalised to primitive mantle glass analyses for the studied Lipari events. The

complete dataset is presented in Table S1.

Figure S2. Representative orthogonal vector diagrams of typical alternating field
demagnetization data, in situ coordinates. Open and solid dots represent projections on the

vertical and horizontal planes, respectively. Demagnetization step values are in mT.

Figure S3. Paleomagnetic dates of Lipari samples accordint to the method and software by
Pavon-Carrasco et al. (2011), and the paleo-secular variatiui, (¢SV) reference model by Pavon-
Carrasco et al. (2021). PSV curves for the declination. nclination and intensity are shown as
thick red lines (thin red lines for the associated errors, ~5% confidence level), together with the
probability density curves (in grey-shade “e¢!w each PSV). Palaeomagnetic declination,
inclination and intensity values are sho'n “n the PSV graphs as blue straight lines; the green
dashed lines above and below are the 95% associated errors. The final combined probability

density curves are shown in grey-shac.» ‘the 95% confidence level is shown as a green line).

Table S1. Complete datase. ©. normalized major and minor element glass compositions of
tephra units from Lipai. anu for the two white tephra layers sampled at Stromboli and Vulcano
islands. Totals reflect pre-normalised analytical totals. Analytical total and number of analyses

(n) are also provided.

Table S2. Radiocarbon dates for the Forgia Vecchia charcoals and the recalibrated Keller (2002)
dates. The determinations were calibrated in OxCal v4.4 (Ramsey et al., 2009) using the

IntCal20 calibration curve (Reimer et al., 2020). Data are presented in calendar years AD.



Table 1. Sedimentological (grain-size statistical parameters and componentry) characteristics of

the analyzed samples. Location coordinates for each sample are also reported.
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Grain size
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Table 2. Representative normalized major and minor element glass compositions of tephra units

from Lipari and for the two white tephra layers sampled at Stromboli and Vulcano islands. A

complete geochemical dataset is provided in Table S1. Analytical totals and number of analyses

(n) are also provided.

Eruption Monte Pilato Forgia Rocche Rosse Lami (LA) White Tephra White Tephra
unit (MP) Vecchia (FV) (RR) Vulcano Stromboli
(:]A(’)tr';/]o ) Avg. lo Avg. lo Avg. lo Avg. i) Avg. lo Avg. lo
SiO, 74.83 0.22 75.38 0.21 74.81 0.44 75.30 015, 74.90 0.14 74.98 0.14
TiO, 0.08 0.03 0.08 0.03 0.08 0.03 0.0” .02 0.08 0.03 0.07 0.02
Al,O4 13.09 020 1275 0.12 1318 036 12.7. J.17 1315 010 1311 0.11
FeOt 1.58 0.10 1.53 0.11 1.54 0.10 1.1 0.11 1.58 0.06 157 0.06
MnO 0.07 0.03 0.07 0.03 0.07 0.03 0.07 0.03 0.07 0.02 0.06 0.02
MgO 0.04 0.02 0.04 0.02 0.04 0.02 nra4 0.02 0.04 0.02 0.03 0.02
CaO 0.75 0.04 0.73 0.04 0.74 0.04 0..1% 0.04 0.75 0.02 0.75 0.02
Na,O 3.99 0.17 4.05 0.13 4.04 r.1s. 4.05 0.11 3.99 0.06 4.00 0.11
K,0 5.20 0.11 5.00 0.08 5.13 L2 5.07 0.11 5.07 0.07 5.03 0.07
P,0Os 0.01 0.01 0.01 0.02 0.07 n.02 0.01 0.01 0.01 0.02 0.01 0.01

Cl 0.39 0.03 0.37 0.02 0.36 0.03 0.37 0.03 0.36 0.03 0.40 0.03
Na,0+K,O | 9.19 0.18 9.05 0.14 9..° 0.17 9.12 0.10 9.06 0.08 9.02 0.09
A”?g;'fa' 96.76 1.87 99.69 096 9884 129 9927 078 9987 059 9721 131

n 128 80 14 50 29 25

(ppm) ~

Rb 326.6 6.5 3275 5.1 3317 150 3291 156 3309 125 3367 119

Sr 175 35 16.9 0./ 16.8 1.4 17.8 2.9 16.8 2.6 17.2 1.2

Y 39.2 2.1 40.6 N7 40.3 0.9 40.7 11 41.0 0.8 38.7 1.6

Zr 178.2 8.6 182 0 2.9 182.2 35 183.6 4.6 186.8 2.9 176.1 7.2

Nb 38.8 0.9 209 0.6 39.3 0.8 39.4 0.7 38.6 0.5 38.7 15

Ba 17.6 1.6 17.7 0.4 175 1.0 17.9 0.9 17.6 15 21.3 5.5

La 63.3 3.7 bu.o 1.1 65.1 1.3 65.5 15 66.6 1.0 62.8 2.7

Ce 123.9 5.9 17.1 2.1 126.6 2.4 127.9 3.1 127.8 2.1 122.8 5.9

Pr 125 0.6 12.8 0.2 12.7 0.2 12.8 0.3 13.0 0.2 12.4 0.6

Nd 43.2 2.1 44.6 1.0 445 1.1 44.8 11 45.3 14 43.6 2.0

Sm 8.4 0.5 8.8 0.2 8.7 0.3 8.7 0.3 8.9 0.4 8.3 0.5

Eu 0.2 0.0 0.2 0.0 0.2 0.0 0.2 0.0 0.1 0.0 0.2 0.0

Gd 6.5 0.4 6.8 0.2 6.8 0.2 6.8 0.2 6.9 0.3 6.5 0.3

Dy 6.7 0.4 6.9 0.2 6.9 0.2 6.9 0.2 71 0.3 6.4 0.6

Er 41 0.3 4.3 0.1 43 0.1 4.3 0.2 4.4 0.2 4.1 0.2

Yb 4.6 0.3 4.8 0.2 4.7 0.2 4.8 0.2 4.8 0.2 45 0.3

Lu 0.67 0.05 0.70 0.02 0.69 0.02 0.70 0.05 0.71 0.03 0.7 0.0

Hf 6.5 0.4 6.8 0.2 6.7 0.2 6.7 0.3 6.9 0.3 6.5 0.4

Ta 2.6 0.1 2.7 0.0 2.7 0.1 2.7 0.1 2.7 0.0 2.6 0.2

Th 52.7 3.0 54.8 1.0 54.2 1.2 54.6 15 55.9 0.9 51.5 3.2

U 16.7 0.5 16.9 0.3 16.9 0.4 17.0 0.4 16.8 0.3 16.3 0.9

n 96 60 69 77 18 19




Table 3. Paleomagnetic direction and paleomagnetic dating from Lipari lava flows and welded
pumices. Site coordinates were gathered by a Garmin GPS, using the WGS84 datum. n/Nis
number of ChRM directions used to calculate the site-mean direction/total number of cores
drilled at a site, or number of ChRM directions used to calculate the volcanic unit-mean
direction/total number of cores drilled in the volcanic unit. D is paleomagnetic declination, 1 is
inclination, k and ags are statistical parameters after Fisher, (1953). Paleomagnetic ages were
obtained by comparing the lava flow/welded pumice-mean r=lecmagnetic directions with the
SCHA.DIF.4K paleo-secular variation regional model by Tav ~n-Carrasco et al. (2021), using the
Matlab software of Pavon-Carrasco et al. (2011). Palenn,canetic direction (1) is from Arrighi et
al. (2006). The Rocche Rosse lava flow age was obta’ned also using the lava paleointensity value
(52.4+1.1uT) reported by Leonhardt et al. (zc9F,. *discarded sites with scattered ChRMs.

8Preferred age for the Rocche Rosse eruj.tio’: (see text).

Volcani Latitude, '.ongitude, D, L s Paleomagnet

¢ Unit Code n/N oN oE deg  deg deg ic dating (yr
g AD)

Forgia
vecchia | pogx 101 gg w141 14056500 51 107 26 378
Lava 0
Flow
Forgia
Vﬁgf/g'a LIPO2 910 38°29'13.7"  14°56'59.5" 17.0 29.0 1%8' 40  1242-1306
Flow
Forgia
vecchia - pogs 101 ggeogegon 140573347 79 310 55 226
Lava 0
Flow
Rocche
Rosse 11/1 onn " oo " 154,
Welded LIPO3 5 38°30375" 14°57117" 43 529 g 37
Pumice
Rocche
Rosse on A " o= " 79.1
Welded LIPO4 012 38°30382" 14°57118" 35 514 ' 58
Pumice

Sample mean

20/2 113. 1329-1417
(LIPO3+LIPO 39 522 T, 31 50 iaon

4)



Lami

15/1  moonmism an e A 118. 1253-1316
Welded LIPO5 g 3872949.2"  14°57089" 119 360 35 1392-1410
Pumice
Rocche
Rosse LIPO7  9/10 38°3106.6" 14°56539" 114 392 °%0 5
Lava 6
Flow
Rocche
Rosse ona " o 1 "
L ava LIPO8 8/10 38°31'11.2" 14°56'52.7" 183 36.8 90.0 5.9
Flow
Sample mean ., 1243-1304
(LIPO7+LIPO ~ 147 381 820 4.0 (8)
8)
Rocche
Rosse 17/2
Lava LP1 6 159 4,9 327 18 1183-1274
Flow
€))

Site coordinates were gathered by a Garmin GPS, using the WGS84 d~tum. .#N is number of ChRM directions used to
calculate the site-mean direction /total number of cores drilled at a s**> o1 ~umber of ChRM directions used to calculate
the volcanic unit-mean direction /total number of cores drilled in t* < vo, sanic unit. D is paleomagnetic declination, | is
inclination, k and ags are statistical parameters after Fisher, (1953). Pa, *omagnetic ages were obtained by comparing the
lava flow/welded pumice-mean paleomagnetic directions wi*h the SCHA.DIF.4K paleo-secular variation regional
model by Pavon-Carrasco et al. (2021), using the Matlab of.w re of Pavon-Carrasco et al. (2011). Paleomagnetic
direction (1) is from Arrighi et al. (2006). The Rocch: Ru.se lava flow age was obtained also using the lava
paleointensity value (52.4+1.1 uT) reported by Leor'.ai.'t ew 3l. (2006). * discarded sites with scattered ChRMs. §
Preferred age for the Rocche Rosse eruption (see tex.



Highlights

Stratigraphy of tephra and lavas of post-1500 yrs activity of Lipari was studied
Stratigraphy was combined with paleomagnetic and **C dates and historical reports
The rhyolitic ash found on Stromboli is attributed to Monte Pilato eruption

The ash bed dispersed at La Fossa of Vulcano is consistent with Rocche Rosse eruption

We suggest a likely correlation with Forgia Vecchia for an ash bed of the lonian Sea
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