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Abstract

The volcanic history of Mt. Etna is mainly known from studies of subaerial deposits and stratigraphy. However, little is known
about the offshore deposits, which can provide a more detailed insight into geological and sedimentological processes affect-
ing the flanks of Mt. Etna. During RV Meteor Cruise M 178, eight gravity cores were taken offshore across the continental
margin east of the volcanic edifice to re-evaluate the volcanic history of pre-historic eruptions and mass wasting events in
the area. In total, we investigated 87 marine tephra layers in order to build a marine tephrostratigraphic framework. Based
on major element compositions of glass shards, sediment componentry, and petrographic characteristics, 27 layers were
identified as primary pyroclastic flow and fall deposits, i.e., directly related to an explosive volcanic eruption. However, most
of the remaining tephra layers are interpreted to represent deposits of secondary density currents and are not necessarily
related to a volcanic eruption. The marine dataset is complemented by twelve onshore samples taken from major explosive
eruptions. Applying geochemical fingerprinting of volcanic glass shard compositions, we correlated eleven marine tephra
deposits to seven well-known Mt. Etna eruptions (FV, FF, FG, FL, FS, TV, and M1 eruptions) within the last 12 kyr, which
provide valuable time markers in the marine sediment record. Furthermore, we correlated ten marine tephra layers between
the marine cores (four individual eruptions) and identified another six primary layers in single cores. In total, we discovered
17 widespread volcanic events in the marine record, including four previously unknown eruptions between 10 and 7.7 ka,
which indicate that Mt. Etna was more active than previously thought during this time period.
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Introduction

Mt. Etna in Sicily (Italy) is the most active volcano in
Europe. The volcanic activity can be classified in three
types: (i) Strombolian activity or lava fountains at summit
craters, (ii) flank eruptions, and, rarely, (iii) major caldera
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collapses and explosive eruptions that range from Subplin-
ian to Plinian in size (Guest and Murray 1979; Salvi et al.
2006). Frequent eruptions have happened during the Holo-
cene period, which have been studied on various timescales
(Branca and Del Carlo 2004; Coltelli et al. 1998, 2000,
2005; Del Carlo et al. 2004; Branca et al. 2011). Histori-
cal records of volcanic activity on Mt. Etna go back to the
Greek colonization period around 1300 BC. The first mod-
ern description of eruptions dates back to Thucydides in his
“History of the Peloponnesian War,” reporting the eruption
of 425 BC, and mentioning another from 475 BC (Salvi
et al. 2006). Onshore stratigraphic reconstruction of tephra
deposits for the last 100 kyr are published by Coltelli et al.
(2000) and Del Carlo et al. (2004). However, several major
deposits still lack detailed geochemical analysis.

These stratigraphical approaches indicate an apparent
time gap of ~ 3 kyr between the end of the Ellittico caldera-
forming eruptions at about 15 ka, and the eruption that led
to the deposition of the so-called M1 tephra layer at about
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12 ka. After that, ten deposits were produced by Subplinian
eruptions between 12 and 7.5 ka BP (Del Carlo et al. 2004).
In the following years, between 7.5 ka BP and deposition of
the TV layer (5340 + 60 yr BP), the volcaniclastic succession
is represented by 1-2-m-thick eolian deposits in which the
record of explosive activity is scarce (Del Carlo et al. 2004).

Marine sediment records taken offshore Mt. Etna in the
Tonian Sea can help to unravel and better understand the
recent eruptive history of this active volcano. Furthermore,
the correlation of marine tephra layers with their onshore
equivalents provides important time markers in the marine
sediments, helping to build an improved tephrostratigraphic
framework of widespread volcanic eruptions.

Another important and basin-wide time marker in the
investigated age range is the organic-rich sapropel S1 unit,
which was deposited between 10 and 7.7 ka BP in the Med-
iterranean (Checa et al. 2020). Formation of sapropels is
controlled by astronomical forcing, usually corresponding to
phases of precession-induced insolation maxima (Rossignol-
Strick 1985). These maxima provoke periods of humid cli-
mate in the Mediterranean region and produce organic-rich
sedimentary layers. Ariztegui et al. (2000) states that the
key factor that initiated the formation of S1 was increased
discharge of freshwater into the Mediterranean, potentially
fostering onshore erosion of volcanic deposits.

In this work, we present a detailed geochemical and pet-
rographic analysis of marine tephra deposits of Mt. Etna
collected from gravity cores recovered across the continen-
tal margin offshore the volcanic edifice. The geochemical
analyses are combined with stratigraphic constraints of
these tephras. We distinguish primary and secondary tephra
deposits in the marine sediment records, and geochemically
fingerprinted volcanic glass shards to establish correla-
tions between onshore-offshore as well as offshore-offshore
tephra deposits. The approach enables us to build a marine
tephrostratigraphic framework for the investigated cores and
extend knowledge of widespread volcanic eruptions of Mt.
Etna over the last 12 kyr.

Geological setting
Overview

Mt. Etna has an altitude of 3,350 m, and is located on the
east coast of Sicily within the complex structural geologi-
cal setting of the western central Mediterranean (Doglioni
et al. 2001). Volcanic activity continues to build up the edi-
fice onshore, but the edifice extends significantly onto the
adjacent submarine continental margin (Chiocci et al. 2011;
Gross et al. 2016).

The onshore stratovolcano is built up by several volcanic
edifices and calderas. At an altitude of 2800 to 2900 m, Mt.
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Etna volcano is truncated by the Ellittico and Cratere del
Piano interlocking calderas. The Ellittico caldera formed at
the end of the Ellittico period of volcanic activity, approxi-
mately at 15 ka (Coltelli et al. 2000). The caldera rim of
Ellittico outcrops at Punta Lucia and Pizzi Deneri on the
northern flank. On the southern flank, the caldera rim is
buried by the products of Mongibello volcano (Fig. 1A),
but is recognizable by the sudden change in steepness on the
western upper flank of the volcano. The Cratere del Piano
is a 2 km wide caldera that formed during the eruption of
122 BC (Coltelli et al. 1998). Inside these two calderas, the
Mongibello volcano forms a large summit cone in which
four summit craters have evolved during the last century:
the Northeast-Crater (NEC, 1911), Voragine (VOR, 1945),
Bocca Nuova (BN, 1968), and Southeast Crater (SEC, 1971)
(Behncke et al. 2014) (Fig. 1).

Roughly at 9 ka, the Valle del Bove (VdB) opened
through catastrophic failure of the Ellittico volcano (Mala-
guti et al. 2023). This event was followed by a rapid enlarge-
ment of the newly formed VdB through landslides and flu-
vial reworking (Calvari et al. 1996).

Formation of the central volcanic complex, after the first
effusive activity, started around 110 ka with the eruption of
alkaline magmas (Branca et al. 2011). Explosive activity of
Mt. Etna has been subdivided into five onshore tephrostrati-
graphic units from A to E (Coltelli et al. 2000). The oldest
Unit A (100 ka) is characterized by basaltic Strombolian
eruptions. Unit B (80—100 ka) is mainly composed of prod-
ucts of benmoreitic Plinian eruptions, marking the end of
the Trifoglietto volcanic phase. Unit C is called the post-
Trifoglietto and Ellittico phase (16-80 ka) and is character-
ized by Strombolian to Subplinian eruptions with basaltic to
mugearitic compositions (Coltelli et al. 2000).

Deposits of Unit D were erupted between 19 and 17 ka
(Albert et al. 2013; Del Carlo et al. 2020). This short period
is associated with the end of the Ellittico volcano activity,
which was characterized by 5 Plinian eruptions of benmore-
itic to trachytic composition (Coltelli et al. 2000; Del Carlo
etal. 2017) (Table 1).

Unit E is the most recent unit. Its deposition started at
12 ka and continues until today. Its deposits cover the entire
Mt. Etna edifice and comprise several tephra marker beds.
This unit is the most important for this study covering the
Holocene, and we therefore describe it in greater detail in
the following section.

Stratigraphy of Unit E (onshore)

The lowermost tephra layer, M1 (12,240 4+ 60 yr BP) (Col-
telli et al. 2000), is a lithic-rich scoria alternating with fine
ash beds that contain accretionary lapilli (Del Carlo et al.
2004) (Fig. 2).
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Fig.1 A Schematic map of Mt. Etna showing all onshore and off-
shore sampling locations as well as morphological features offshore;
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(Coltelli et al. 2000). Colored lines represent isopachs for eruptions
D1b, D2a, D2b, FS, FL, and FG (Coltelli et al. 2000). Numbers repre-
sent the core numbers of expedition M178

Table 1 Short sample descriptions with sites, age, dispersal, lithology, and composition. After Coltelli et al. (2000), Del Carlo et al. (2004) and

Mulas et al. (2016)

Label Eruption Coordinates Age (yr) Dispersal Lithology Glass composition this
study
Etna22-1 1669 Eruption N 37° 37.056660 E 15° 353 NE Scoria lapilli Hawaiite-Mugearite
0.387840
Etna22-2 FG (122 BC) N 37°40.381020 E 15°  2,180+60 (122 BC) SE Scoria lapilli and Mugearite-Phonotephrite-
1.907400 tuff beds Benmoreite
Etna22-3 FV N 37°42.593700 E 15° 1,260+ 60 ESE Scoria lapilli Mugearite-Phonotephrite
FF 3.846120 44 BC NNE Scoria lapilli Mugearite-Phonotephrite
FL (marginal area)
Etna22-4 FL (main area) N 37°47.800560 E 15°  3,150+60 NE Scoria lapilli and Tephriphonolite-Ben-
2.253720 tuff beds moreite-Phonotephrite-
Mugearite
Etna22-5 D2a N 37°43.303560 E 15°  15,050+70 E Pumice Trachite
Dla 10.020060 15,420 60 E Pumice Trachite
Etna22-6 FS N 37°44.174880 E 15° 3,930+ 60 E Scoria lapilli Picrite Basalt
6.348180
TV INGV-OE repository 5,340+ 60 Circular  Lithic-rich tuff Phonotephrite-Mugearite
M1 INGV-OE repository 12,240+70 E Scoria lapilli and tuff Mugearite
beds
D2b INGV-OE repository
DIb INGV-OE repository
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There are at least twelve tephra deposits following M1
between 12 and 5.3 kyr BP, called S1-S6 (S =South) and
N1-N6 (N =North) (Fig. 2). Tephra layers S1, S2, S3, S4,
S6, N1, N2, N3, and N4 are lapilli fall deposits and are made
of oxidized gray to reddish scoria, often including oxidized
lithic clasts (Del Carlo et al. 2004). Some lapilli layers are
interbedded with vesiculated or laminated tuff beds. N5 and
S5 are thick varicolored tuff layers with accretionary lapilli;
N5 has an age of 7980 + 60 yr BP and can be traced in sev-
eral sections in the NE sector. A pumice fall layer (N6) was
erupted at around 7.6 kyr BP. This Subplinian eruption is
widely dispersed in the NE and SE sectors of Mt. Etna (Del
Carlo et al. 2004).

In the Milo area, a complex succession of debris flow
deposits outcrops and was named the Milo lahar by Romano
(1982). The succession begins with a debris-avalanche
deposit related to the opening of VdB (Calvari et al. 1998)
and continues upward with a set of lahar-type deposits.

The phreatomagmatic TV layer, which is generally a gray
to pink varicolored tuff, was deposited at 5340 + 60 yr BP
(Coltelli et al. 2000) (Fig. 2).

Above the TV layer lies a scoria layer associated with
the Subplinian FS eruption (3930 + 60 yr BP); a picritic
basalt with a high olivine content (Coltelli et al. 2000, 2005)
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(Fig. 2). According to Coltelli et al. (2005), the material was
dispersed towards the east (Fig. 1B, Table 1). The frequency
of the explosive eruptions at Mt. Etna doubled after the FS
eruption (Del Carlo et al. 2004).

The FL scoria layer (3150 + 60 yr BP) is characterized
in the medial dispersal area by a high content of large pla-
gioclase crystals. The lithics are massive and altered. In the
proximal dispersal area, the FL layer is represented by a
whitish, fine tuff layer. Generally, this bed is interpreted as
having been produced by a complex phreatomagmatic erup-
tion of vulcanian intensity (Del Carlo et al. 2004) (Fig. 2).

A major basaltic Plinian eruption occurred in 122 BCE
(paleosol age below the tephra is dated to 2180 + 60 yr BP)
and produced the widely dispersed FG tephra bed (Coltelli
et al. 1998, Bisson and Del Carlo 2013). A significant part
of the deposit covered Catania and has been identified up
to 400 km southeast in cores on the Malta Rise in the Med-
iterranean Sea (Coltelli et al. 1998; Micallef et al. 2016)
(Figs. 1B and 2, Table 1).

The FF tephra (2044 + 60 yr BP) deposit was produced by
a Subplinian eruption (Del Carlo et al. 2004).

Immediately on top of the FF layer, the highly vesicu-
lar hawaiitic FV scoria layer (1260 + 60 yr BP) is deposited
(Coltelli et al. 2000) (Table 1).
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The 1669 eruption was the most destructive flank erup-
tion of Mt. Etna in recent historical times. Generally, the
pyroclastic fall units were deposited around Monti Rossi,
with only the fine material being dispersed towards the NE
(Mulas et al. 2016) (Table 1). The scoria is highly vesicular
with visible clinopyroxenes. The 1669 event can be consid-
ered as an archetype example of the most hazardous eruption
to be expected on the densely populated flank of Mt. Etna
(Mulas et al. 2016).

Methods
Sampling

During a field campaign in June 2022, six outcrops
(Etna220620-1 to Etna220624-6) were logged, and twelve
major tephra marker horizons of Unit D and E (Fig. 1,
Table 1) were sampled for correlation purposes. Samples
were taken as bulk samples (ca. 1-2 kg) within the main
body of the respective deposit. We were not able to take
samples from D1b and D2b due to recent development
blocking access, but samples were provided by the rock
repository of INGV-OE.

Marine sediment layers (87 samples) were taken from
eight gravity cores (GC) recovered during RV Meteor expe-
dition M 178 east of Mt. Etna in 2021 (Gross et al. 2021)
(Fig. 1, supplementary table E). The core locations were
selected after analyzing the hull-mounted parametric Sedi-
ment Echosounder Teledyne Atlas Parasound P70 profiles
and multibeam bathymetric data of the area. All cores,
except M178-29, which is the most distal from the coast, lie
on structural highs or lows of the structural amphitheater off-
shore Mt. Etna (Fig. 1). All cores were visually described in
terms of their sediment lithology, including colors according
to the MUNSELL soil color chart and sedimentary struc-
tures. Descriptions and photographs of the sediment core
segments are presented in the appendix of the M 178 cruise
report (Gross et al. 2021) and in the supplement I. Discrete
tephra layers were sampled on board and onshore from the
working-halves of the cores.

Analysis
Electron microprobe analyses

All 87 marine and 14 terrestrial samples were cleaned, sieved
into different fractions, and analyzed in the laboratories of
GEOMAR Helmbholtz Center for Ocean Research, Kiel, for
geochemical composition. For the terrestrial samples, we
selected the most fresh and unaltered juvenile clasts before
crushing and sieving. Glass shards were analyzed for their
major element composition using an Electron Microprobe

(EMP). EMP analyses were conducted on epoxy-embedded
samples on the >63—-125 um and > 125-250 pum fractions
using a JEOL JXA 8200 wavelength dispersive EMP. We
used a beam diameter of 10 um and a beam current of 6 nA
with an accelerating voltage of 15 kV following the methods
described in Kutterolf et al. (2011). The full list of stand-
ards used for calibration is provided in the supplementary
table H.

Natural and synthetic glasses and minerals were used as
standards for calibration. Accuracy was monitored by stand-
ard measurements on Lipari obsidian (rhyolite) (Hunt and
Hill 2001) and Smithsonian basaltic standard VGA (refer-
ence A-99 Makaopuhi Lava Lake). If available, 20 individ-
ual glass shards were measured per sample. After every 60
measurements, four measurements on standards (always two
for the Lipari standard, two for the VGA standard) followed
to verify the instrument stability during each analytical ses-
sion. Standard deviation is 0.5% for major elements, and
all standard measurements are provided in supplementary
table D. All analyses were normalized to 100 wt% anhydrous
composition to avoid the effects of variable post-depositional
hydration and to enable valid comparison with tephra depos-
its from various environments (Allan et al. 2008; Pearce
et al. 2008, 2014a,b; Lowe et al. 2011). In total, we analyzed
1479 individual glass shards. However, we deleted analyses
with a total <95 wt% and accidental shots on minerals to
finally acquire 1022 good quality measurements. Geochemi-
cal analyses of the two grain size fractions yielded indistin-
guishable results. All analyses that passed the quality check
are provided in the supplementary tables A and C.

14C dating

We performed *C dating on a mussel sampled from M178-
14, 330 cm, which yielded an age of 5775+ 35 yr BP, cor-
responding to a calibrated age of 6487-6666 yr cal BP
(calibrated with OxCal v4.4; Bronk Ramsey 2021; IntCal20
Reimer et al. 2020). The sample was processed at the Leib-
niz Laboratory for Age Determination and Isotope Research
at Kiel University and analyzed with a HVE 3MV Tand-
etron 4130 accelerator mass-spectrometer (supplementary
table F).

Point counting

Point counting was conducted following the procedures
described in Menke et al. (2018) for a semiquantitative esti-
mation of pyroclast abundance applied to BSE (backscat-
tered electron) images on 29 selected samples. We used a
regular net with 961 points on top of the respective BSE
pictures of each analyzed sample to create a grid, and dis-
tinguished between volcanic glass, minerals, and biogenic
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material. A detailed overview of the results is provided in
the supplementary table B.

Correlation techniques

We applied the “geochemical fingerprinting” technique on
glass shards to correlate between onshore/offshore or off-
shore/offshore tephra layers (Derkachev et al. 2020; Kutter-
olf et al. 2008, 2016; Lowe et al. 2011, 2017; Schindlbeck
etal. 2016, 2018a, b; Menke et al. 2018). To obtain a reliable
outcome, the method was combined with macroscopical and
microscopical observations as well as stratigraphic criteria.
We used several bivariate plots of the major element oxide
concentrations and ratios of volcanic glass shards to corre-
late the tephra layers across the different samples. We drew
correlation fields for the terrestrial tephra layers based on
our new dataset of glass shard compositions.

Results
Onshore outcrop descriptions

Tephra samples from well-known marker horizons from Unit
E were sampled in five outcrops or provided by the INGV-
OE repository in Nicolosi (Table 1). The deposits of the M1
and TV eruptions are no longer exposed in the field because
of vegetation overgrowth or anthropogenic development.

Outcrop Etna220620-1 represents a 3—4-m-thick exposure
of the 1669 eruption deposit located at the Monti Rossi (see
Figs. 1B and 3b). This deposit displays horizontal stratifica-
tion characterized by fine (dark ash) and coarse (black scoria
lapilli to bombs) materials in alternating layers (Fig. 3b).
The scoria lapilli are highly vesicular, hosting clinopyroxene
phenocrysts that are visible with the naked eye.

Outcrop Etna220620-2 (Fig. 1B, supplementary Fig. 1a)
at Monte Salto del Cane is a key location for the 122 BC
eruption (FG tephra layer). The 60-cm-thick scoria fall
deposit is stratified and partially eroded at its upper sur-
face. FG begins with a several centimeter-thick layer of
black coarse ash at the base, followed by a bed of scoria
lapilli and a minor amount of lava lithic clasts. These lapilli
exhibit hues ranging from brown to dark gray, character-
ized by micro-vesicular texture and abundant crystals, and
prominently featuring large plagioclase crystals.

At outcrop Etna220620-3 (Fig. 1B, supplementary
Fig. 1b), four discrete tephra layers of the FL, FG, FF, and
FV eruptions (from bottom to top) are visible and separated
by thin soil layers. The outcrop has an average height of
2 m. The FL deposit in this outcrop is only visible close to
the limit of the actual distribution of this unit. Here, the FL
tephra is represented by a whitish layer of fine ash and has
a thickness of 5-7 cm. The FG tephra layer is up to 20 cm
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thick, but is not well preserved at this site. The FF tephra
consists of coarse ash and a centimeter thick scoria lapilli
bed and is 5-6 cm thick in outcrop. In this outcrop, the FV
scoria lapilli layer was not well preserved with only a few
centimeters of material.

At outcrop Etna220621-4 (Fig. 1B), the poorly sorted
deposits of the FL eruption can be found (30 cm thickness;
Fig. 3c). The scoria lapilli are glassy and poorly vesicular
and characterized by a high abundance of giant plagioclase
crystals. The lithic lava fragments are massive and heavily
altered.

At outcrop Etna220622-5 (Fig. 1B), the deposits from
the D1a (supplementary Fig. 1c) and D2a (supplementary
Fig. 1d) eruptions are exposed. The D1a deposit is a nor-
mal graded, slightly stratified pumice lapilli layer with a
thickness of 38 cm. The larger lapilli within this layer typi-
cally range from 5 to 6 cm, with a reduction in grain sizes
towards the upper portion. Additionally, weathered, reddish
lava fragments are present in the deposit. The pumice lapilli
exhibit elongated vesicles. Notably, the D2a layer in this
location is solely represented by a few lenses of pumice
lapilli, approximately 15 cm thick, positioned atop the D1a
layer.

Outcrop Etna220624-6 is located in an old quarry close to
Fornazzo village (Figs. 1B and 3a). The deposits of the FS
eruption are exposed and up to 70 cm thick. This layer dis-
plays stratification resulting from alternating beds of fine and
coarse grains associated with colors ranging from reddish
to violet. The entirety of the deposit exhibits slight inverse
grading and generally lacks sorting. Notably, at a depth of
40 cm from the base, there is a gray 4-cm-thick ash-rich
layer. The scoria lapilli of FS layer contain mm-sized olivine
crystals.

Marine tephra inventory

Sediments recovered during the M 178 cruise consist mainly
of silty clays of olive to grayish brown color (Fig. 3d, e,
h). Sparse carbonate shells, mostly molluscs and scapho-
pods, were found. The eight investigated cores contain a
total of 87 ash/lapilli-bearing horizons (Fig. 3e, f, h) with
different amounts of glass (<5 up to 65 vol%) (Fig. 3g, i,
J)- The medium to poorly vesicular glass shards are mostly
blocky with predominantly round and elliptical bubbles.
Glass shards are transparent and brownish and microlite
rich. The main mineral assemblages comprise plagioclase,
clinopyroxene, and sometimes olivine. The tephra layers are
intercalated within hemipelagic sediment and range from
0.1 to 6 cm in thickness (Fig. 3d—f, h). Most cores from the
basins show dark brown to gray-brown organic-rich layers,
which have been regularly observed in marine sediment sec-
tions in the eastern Mediterranean and are called sapropels
(e.g., Grimm et al. 2015; Emeis et al. 1996; Capotondi et al.
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Fig.3 Selection of photographs of deposit outcrops and marine cores.
a Outcrop Etna220624-6 of the FS marker bed in an old quarry near
Fornazzo. b Outcrop Etna220620-1 of the 1669 eruption near the
Monti Rossi. ¢ Outcrop Etna220621-4, detail of the FL marker bed
in the main dispersal area of the eruption products. d Segment of the
M178-15 core containing the sapropel layer showing fractures and
faults (marked with white arrows). e Primary marine tephra M178-
18, 189 cm, with a sharp basal contact, which was correlated with the

2011; Checa et al. 2020) (Fig. 3d). As these horizons occur
in most cores within the uppermost 4 m, they are interpreted
to correspond to the youngest sapropel S1 (Gross et al.
2021), which is dated to the interval between 10 and 7.7
kyr BP (Checa et al. 2020). This is supported by the “C age
obtained above the sapropel in core M178-14. The thickness
of the sapropel within the cores is up to 3.5 m, although it is
not possible to know the complete thickness of the sapropel

JEOL COMP 15.

FG marker bed. f Primary marine tephra M178-35, 414 cm showing
a sharp basal contact. This layer is associated with eruption MB4. g
An exemplary BSE picture of a primary marine tephra layer (M178-
35, 538 cm). h Primary marine tephra layer of the M178-11, 275 cm
sample, correlated to the FS layer. i BSE picture of glass shards
measured (M178-35, 505 cm) with the EMP (electron microprobe).
Jj Exemplary BSE picture of a secondary marine tephra layer (M178-
35,574 cm)

in most cores, as some terminate within the sapropel layer
(Fig. 3d).

Sediment cores recovered from structural highs, such
as the headwall in the amphitheater (M178-10, —11, —15)
or ridges outside the amphitheater (M178-18, —29, —35),
commonly contain sections with tectonically overprinted
sediments. The recovered cores also show micro-frac-
tures, including normal faults with vertical displacements
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(Fig. 3d). Gravity cores retrieved from morphological
depressions, such as cores M178-12 and —14 in the amphi-
theater, regularly exhibit mass transport deposits. These
deposits can range from a few centimeters of fine-grained
layers to meter-thick reworked sediment bodies consisting
of coarse lapilli, sandy tephra, and shell debris.

The point counting results indicate an average glass shard
abundance of approximately 26% by volume, accompanied
by a low proportion of biogenic material (2.5% by volume)
and minerals (65% by volume). This average was observed
in most samples of cores from morphological highs. Lower
amounts of glass shards, sometimes with a higher proportion
of organic material (8%), and a relatively high proportion of
minerals (92%) were also observed in some cores, with glass
fragments down to 0 vol% (Fig. 3j). A detailed overview
of the point counting is provided in supplementary table B.

Glass shard major element compositions

Glass shard major element compositions of Mt. Etna
tephra deposits fall within the Na-alkaline series (i.e.,
Na,0-2>K,0; Le Bas et al. 1986) and vary from basaltic to
mugearitic in Unit E, and from benmoreitic to Na-trachytic
in Unit D (Fig. 4A). In comparison with other volcanic prov-
inces of the Mediterranean Sea, Mt. Etna has quite distinct
major element compositions with only a few overlaps with

Stromboli, Vesuvius, and Vulcano Island (Fig. 4A). For
further considerations about the petrogenesis of Italian vol-
canic rocks, the interested reader is referred to Schiano et al.
(2004) and references therein.

Glass shards of Unit D deposits are significantly more
evolved than those of Unit E, as reflected by e.g. SiO, con-
tents (Fig. 4A). Unit D products are Na-trachytes (Fig. 4A),
while the composition of Unit E is predominantly mugearitic
and, to a lesser extent, hawaiitic and basaltic (Fig. 4A). SiO,
contents are up to ten weight percent (wt%) higher for Unit
D, at~62 wt%, while the SiO, content of Unit E are about
52 wt% (Fig. 5). One exception is FS, whose SiO, content
is about 49 wt% (Fig. 5). For FeO,, TiO,, CaO, and MgO,
Unit D deposits have lower concentrations (up to 6 wt% for
FeO,, 1.5 wt% for TiO, and 0.6 wt% for P,Os) than Unit E.
The newly obtained chemical data is used to construct cor-
relation fields for further comparison with the marine tephra
inventory, which is shown in Fig. 5.

Although the layers of Unit E exhibit considerable geo-
chemical similarity, they can be readily distinguished from
one another. For instance, the FS layer is markedly distinct
from the remaining layers, exhibiting significantly lower
Si0, (48.5 to 49.5 wt%) and TiO, (1.2 to 1.4 wt%) and
higher CaO (approximately 13 wt%) and MgO (6 to 7 wt%).
The FL layer has SiO, values of up to 57 wt%, while the TV
layer is one of the layers with the lowest SiO, values (up to
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Fig.4 Total alkalis versus silica classification diagram after Le Mai-
tre et al. (1989). A Glass compositional variability of Italian Holo-
cene sources (colored fields) modified after Menke et al. (2018),
Albert et al. (2017), and Tomlinson et al. (2015). Symbols represent
new data of single measurements obtained in this study. B Average
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glass shard compositions with standard deviations of the primary
marine tephra layers of cores M178-10, —11, —12, —14, —15 —18,
—29, and —35 (colored symbols). Single glass shard analyses of all
secondary marine tephra layers (gray dots)
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50 wt%). In view of their geochemical overlap, the strati-
graphic order of the deposits of course plays an important
role in differentiating them from each other.

The investigated marine tephra layers show a widespread
variability in glass shard compositions; with the majority
having phonotephritic, mugearitic, benmoreitic, and minor
hawaiitic and basaltic glass shard compositions, and some
samples with tephriphonolitic, phonolitic, and Na-trachytic
glass shard compositions (Fig. 4B).

Discussion

Primary tephra deposits vs. secondary deposits

The marine tephra layers in the investigated cores col-
lected offshore Mt. Etna were either deposited as primary

or secondary deposits. Primary deposits are defined as syn-
eruptive and thus directly related to an explosive volcanic
eruption, while secondary deposits are not directly related
to an eruption, but rather to post-eruptive re-deposition pro-
cesses. A primary deposit can either be deposited by a fall
or flow process (e.g., pyroclastic density currents), whereas
secondary deposits are generally formed by flow processes
(e.g., turbidites). For the identification of time markers in the
marine sediment record, it is extremely important to distin-
guish between primary and secondary deposits, since only
primary, syn-eruptive deposits provide discrete time mark-
ers. The depositional environment offshore Mt. Etna volcano
is complex and turbidity currents are common. The presence
of turbidites, which might contain reworked material, but
can also be related to primary events, makes stratigraphic
approaches in the Ionian Sea challenging (Kong et al. 2016).
Kong et al. (2016) suggest three trigger mechanisms that
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«Fig. 6 Correlation fields of the terrestrial marker beds (colored fields)
together with average compositions of marine primary tephra layers.
A+A"+A" FeO, vs. SiO,, B CaO vs. SiO,, B*+B™ MgO vs. SiO,,
C FeO, vs. K,0, C* Na,0 vs. SiO,, C** Al,0; vs. SiO,, D CaO/Al,04
vs. K,0, D" +D™ TiO, vs. FeO, in wt%. A-D Tephra layers younger
than 72,500 yr BP. A*-D" Tephra layers between 2500 and 7700 yr
BP and A™-D"" Tephra layers older 7700 yr BP. Symbols are aver-
ages per sample with standard deviations

could be responsible for turbidite formation in the study
area: (1) siliciclastic turbidites triggered by earthquakes
and tsunami waves, (2) volcaniclastic turbidites triggered
by eruptions at Mt. Etna, or (3) flank collapses. Co-seismic
turbidites might have different recurrence times depending
on the location of the core.

Primary deposits are typically massive with a sharp
planar base, but may occasionally be planar stratified, and
are commonly well-sorted (Freundt et al. 2022). Juvenile
particles (glass and magmatic minerals) dominate such pri-
mary deposits. Primary fall and flow deposits are typically
characterized by homogeneous glass compositions if the
erupted source magma had a homogeneous composition. If
the erupted magma was compositionally zoned or mixed, the
glass compositions reflect a coherent differentiation or mix-
ing trend for all elements (Kutterolf et al. 2008; Gudmunds-
doéttir et al. 2011; Schindlbeck et al. 2013, 2016, 2018a, b;
Eisele et al. 2015; Hopkins et al. 2020).

A typical secondary deposit has an erosive basal contact
and wavy or cross-bedding of the (poorly sorted) volcani-
clastic deposit (Freundt et al. 2022). Secondary turbidites
are characterized by having a large fraction of non-volcanic
clasts, subaerially weathered or altered (volcanic) clasts
(Fig. 3j), and shallow-water bioclasts (Freundt et al. 2022).
Secondary volcaniclastic deposits, which are derived from
the collapse or erosion of larger sections of volcanic stratig-
raphy, however, comprise glass compositions that are not
immediately genetically related and can thus show a rela-
tively wide, heterogeneous scatter, and clasts may be sub-
rounded to rounded (Kutterolf et al. 2008; Gudmundsdottir
et al. 2011; Schindlbeck et al. 2013, 2016, 2018a, b; Eisele
et al. 2015; Hopkins et al. 2020).

Based on these criteria, we classify 27 marine tephra
layers as primary deposits, whereas the other 60 layers
are interpreted as the result of secondary depositional pro-
cesses. Figure 6 presents the geochemical compositions of
the deposits classified as primary, arranged according to
the cores in which they were discovered. The next section
describes the age constraints that are included for clarity
in Fig. 6. Table 2 summarizes the results for each core and
demonstrates clearly that cores taken from morphological
depressions (M178-12, M178-14; Fig. 1) have a relatively
high proportion of secondary deposits compared to the total
number of samples taken. However, it is additionally evident
that cores M178-29 and M178-35, despite not being taken

from depressions, also have a relatively high proportion of
secondary deposits. This may be attributed to the dominance
of the sapropel in these cores. A contrasting depositional
environment may have prevailed during the time of sapropel
formation and thus also have a causal connection to redepo-
sition of tephra layers. This was not the case for the majority
of the other cores. For all further geochemical investigations,
we concentrate on the 27 primary tephra layers.

Age model

Sedimentation rates were determined following the method
described by Kutterolf et al. (2021). The hemipelagic sedi-
mentation rates were constrained from well-correlated and
dated tephra layers and the age of the sapropel S1 (10 to
7.7 ka BP) after Checa et al. (2020) bracketing hemipelagic
sediment intervals (Figs. 7 and 8; supplementary table G).
There are three sediment cores (M178-15, —29, —35) in
which the whole sapropel interval was recovered (Figs. 7
and 8); all other cores end within the sapropel. Where avail-
able, we preferred tephra time markers in our calculations
because it is unclear if sapropels comparatively close to
the shore within the Ionian Sea are perfectly synchronous
with those of the model calculations of Checa et al. (2020).
Primary tephra layers correlated to dated onshore deposits
provide the best time markers in the cores, and the ages have
the uncertainty of radiometric dating. We used these time
markers, without including the errors from radiometric dat-
ing, to calculate the average apparent sedimentation rates of
the intercalated hemipelagic sediment (Kutterolf et al. 2021).
We did not subtract the thickness of intercalated ash beds,
as these beds are typically thin (< 10 mm) and cumulatively
account for less than 5% of the core length. By applying
linear interpolation, we assume that the hemipelagic sedi-
mentation rate between time markers remained constant
over time, which enables us to calculate ages for undated
tephra layers between those tie points. Uncertainties in the
sedimentation rate arise from this linear interpolation, as
well as initial radiometric dating errors for the dated tephras
(Kutterolf et al. 2021). The *C age from M178-14, 330 cm
(5775 +35 yr BP), which corresponds to a calibrated age
of 6487-6666 yr cal BP, agrees well with the ages obtained
from tephra time markers.

Figure 8 shows the age model and sedimentation rates
of the cores that represent the entire sapropel. Core M178-
35 has an average sedimentation rate of 44 cm/kyr above
the sapropel, while the sapropel has a sedimentation rate of
103 cm/kyr. M178-29 has a sedimentation rate of 30 cm/kyr,
but within the sapropel, it increases to 100 cm/kyr. In the
M178-15 core, the sedimentation rate is 52 cm/kyr above the
sapropel. The sedimentation rate within the sapropel sharply
rises to 147 cm/kyr.
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Table 2 Total number of

Core Total
samples that were taken from # from samples
the respective cores of M178, M178 taken

together with the number of

Layers identified
as primary deposit secondary deposit

Layers identified as Composition of primary deposits

samples identified as primary 10 3 3
and secondary deposits and the
. .. 11 2

geochemical composition of the

primary deposits 12 7 1
14 18 2
15 2
18 7 4
29 21 1
35 26 10

0 Phonotephritic

2 Basaltic to phonotephritic

6 Mugearitic

16 Mugearitic, phonotephritic

2 Basaltic, phonotephritic

3 Phonotephritic, mugearitic, benmoreitic
20 Phonotephritic

16 Phonotephritic, mugearitic, benmoreitic

11

w

M-178 18 /5,

Oocm

344 yr BP

29
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2,180+ 60 yr BPFQG

3,150+ 60 yrBP F|

296 cm

14C-age:
6,487-6.666
cal yr BP

7,700 yr BP

cm
Secondary ash layer M1

100 E Primary ash layer

- Sapropel S1 (7.7 — 10 yr BP after Checa et al., 2020)

200 - Background sediment

7,700 yr BP

8,388, 97V

Fig.7 West-to-East composite profile of the marine cores (M178-18, —10, —11, —15, —14, —12, =35, and —29). The primary deposits with
onshore/offshore and offshore/offshore correlations and secondary deposits are shown, as well as the position of sapropel S1 (in gray)

However, it should be noted that although the cores are
located within a small area of about 99 km?, the depths of
the sapropel within the sediment cores are quite variable.
This is partly because the cores are of different lengths,
but also because some cores were taken on ridges (e.g.,
on top of the amphitheater), which is the case for cores
M178-15, —29 and —35 (Fig. 1A), while other cores were
taken in morphologic depressions (e.g., inside the amphi-
theater, M178-12 and —14). Another important factor is
the distance to the coast. While core M178-15 is only
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9 km from the coast and lies directly on a ridge above the
amphitheater, the other two cores are much further away
from the coast. M178-29 is 30 km from the coast and lies
much further south of the amphitheater. M178-35, on the
other hand, is about 15 km from the coast and lies further
north. It can be reasonably assumed that sedimentation
rates fluctuate more closer to the coast due to significantly
more variable sediment input (see core M178-15). Cores
located further away from the coast exhibit more uniform
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Fig.8 Sediment thickness
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rates. Nevertheless, the time period of the sapropel clearly
shows a strong increase in sedimentation rates in all cores.

The input of sediment and mass flow deposits for those
cores taken in depressions is significantly higher than
for those on ridges. This makes the age determination of
the sapropel and deposits more complicated for the cores
M178-12 and —14.

@ Primary marine tephra layer

Correlation of primary tephra layers

The 27 primary marine tephra layers were investigated in
detail and correlated to known terrestrial eruptions. We use
bivariate plots of major elements and their ratios to identify
the terrestrial counterparts of the marine deposits (Fig. 6).
In addition to the geochemical compositions, we also use
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stratigraphical constraints, as well as macroscopic and
microscopic observations, to validate the established cor-
relations. In total, we correlate eleven of the marine tephra
layers from seven cores to seven well-known terrestrial lay-
ers. Additionally, we are able to correlate another four layers
between two or more marine cores (ten core samples). The
four layers correlated core-to-core are named MB1 to MB4,
after Mongibello (MB), the alternative name of Mt. Etna.
Six primary marine tephra layers are not correlated to known
onshore deposits and also not between cores, which means
that, in sum, we have 17 primary volcanic events identified
within the marine sediments.

Onshore-offshore correlations

M1 layer Marine tephra layers M178-15, 630 cm and
M178-35, 579 cm can be geochemically correlated to
the 12,240+ 60 yr BP M1 eruption (Coltelli et al. 2000)
(Figs. 6A"", B”", C”", D). The tephra is characterized by
high FeO, contents of up to 13 wt%. The marine tephra lay-
ers have a sharp, partly erosive basal contact, which indi-
cates that they might be deposited as a flow in the marine
environment. Point counting revealed a relatively high pro-
portion of juvenile components (17%) in comparison to the
proportion of organic material and other volcanic particles
(supplementary table B). Both layers are deposited below
the sapropel S1 (Fig. 7), which agrees well with the age of
the M1 eruption.

TV layer M178-12, 209.5 cm and M178-14, 320 cm can be
assigned to the TV eruption based on geochemical charac-
teristics such as high TiO, (up to 2.4 wt%) (Fig. 6A”", B*, C’,
D")). The TV eruption is dated to 5430 + 60 yr BP (Coltelli
et al. 2000), which is slightly younger than the sapropel S1.
This agrees very well with the position just above the sapro-
pel in the core (Fig. 7, supplementary table B).

FS layer Marine tephra layers M178-10, 305 cm and M178-
11, 275 cm (Figs. 6 and 7, supplementary table B) are cor-
related to the FS eruption, which is dated to 3930 + 60 yr
BP (Coltelli et al. 2000, 2005; Malaguti et al. 2023). The FS
layer is easily distinguishable due to the high MgO content
of up to 7 wt%, low Na,O content (2.5 to 3.3 wt%), and SiO,
of 49 to 50 wt% (Fig. 6).

FL layer The geochemical composition of the FL layer
(3150 £ 60 yr BP; Coltelli et al. 2000) exhibits significant
variability, with FeO, values ranging from 5.5 to 9.5 wt%
and SiO, values from 51 to 56 wt%. Nevertheless, it is quite
similar to the FG layer and shows strong overlap, particu-
larly with regard to silica. Two primary layers, M178-18,
123.5 cm (Fig. 6) and 189 cm (Fig. 6), exhibit notable simi-
larities in their geochemical composition to both FL and
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FG. However, we have correlated layer M178-18, 189 cm to
the FL layer, as this layer is stratigraphically deposited at a
greater depth within the core and exhibits a closer match in
terms of geochemical characteristics (Fig. 7, supplementary
table B).

FGlayer The FG marker bed (21804 60 yr BP; Coltelli et al.
2000) is characterized by slightly higher SiO, (51 to 56 wt%)
content and a comparatively low FeO, content of 7.4 to 10.8
wt% with respect to the other layers of Unit E (Fig. 6). We
propose that the upper layer M178-18, 123.5 cm is the FG
layer, based on the stratigraphic position and age calcula-
tions (supplementary table B). Nonetheless, the doublet of
primary layers recovered in core M178-18 suggests that
there were actually two eruptive events within 1000 years
with very similar compositions, possibly representing both
the FL and the FG layers (Fig. 7).

FF layer The FF layer (2044 + 60 yr BP; Coltelli et al. 2000)
is geochemically very similar to other deposits of the Unit
E and overlaps with their reference fields (Fig. 6), so stra-
tigraphy was used to correlate the marine tephra layers. The
deposit M178-14, 181 cm (Figs. 6 and 7) was correlated to
the FF layer based on its relative position within the sedi-
ment core, as well as its geochemical composition of slightly
elevated K,O content of average 3.2 wt% and slightly lower
CaO content of average 7 wt% (supplementary table B).

FVlayer The FV layer (1260 + 60 yr BP; Coltelli et al. 2000)
is very similar to the FF layer and its reference field over-
laps with the reference fields of other deposits of Unit E.
Marine tephra layers M178-14, 66 cm (Fig. 7) and M178-18,
114.5 cm (Fig. 6) were correlated to the FV layer based on
the relative stratigraphic position of the deposits within the
sediment cores (Fig. 7, supplementary table B).

Offshore-offshore correlations

We also used glass shard geochemical compositions to cor-
relate tephra beds between the marine cores. The layers
that we were able to correlate with each other, and which
thus describe the same event, are here called MB1 to MB4
(Fig. 7). The glass compositions from these ash layers are
all similar to those of Unit E, which suggests that these were
erupted within the Mongibello Phase of Mt. Etna.

Correlation of deposits younger than 7700 a Based on
their geochemical compositions, two primary tephra lay-
ers (M178-18, 0 cm (top of the core) and M178-35, 15 cm)
can be correlated in the uppermost sections of the cores.
Due to their position in the cores their age is younger than
1260 yr BP. They have a phonotephritic composition with
FeO, contents of 11 wt% and SiO, contents of about 51 wt%,
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respectively, and we refer to these tephra layers as MB4
(Fig. 6).

Three phonotephritic marine layers (M178-10, 273 cm,
M178-11, 244 cm, and M178-15, 187 cm) are younger than
3930 yr BP and can be correlated between the cores (called
MBS3; Fig. 6) based on their geochemical composition and
stratigraphic position above the geochemically distinctive
FS layer in two of the three core (Fig. 7). Applying sedi-
mentation rates, the calculated age is about 3500 + 80 yr
BP. We cannot correlate these deposits with any terrestrial
beds. According to Coltelli et al. (2000), there are two fine
lapilli beds deposited above FS, named S8 and S9, which
may correlate with our marine deposits. However, there is
no reference sample material or geochemical data available
for reliable correlations.

Correlation of deposits older than 7700 a In general, it is
necessary to state that both the distinction into primary and
secondary deposits, and correlation of deposits identified as
primary within the sapropel (between 10 and 7.7 ka BP) is
particularly difficult due to the compositional similarity and
the periodically varying depositional environment. A total
of 11 primary tephra layers were deposited within sapropel
S1, giving an age range between 10 and 7.7 ka BP (Fig. 7).
In total, two correlations involving five marine tephra layers
can be established within this age range, named MB1 and
MB?2 (Figs. 6 and 7).

For event MB1, we correlated M178-10, 364 cm and
M178-35, 546 cm. MB1 has a phonotephritic to mugearitic
composition. An age of 9135+979 yr BP was calculated
for MB1 based on sedimentation rates (Fig. 8, Table 3). A
second tephra layer in core M178-35 (M178-35, 538 cm)
is compositionally very similar to those two deposits, with
FeO, of 11 wt% and SiO, of 51 wt%, respectively. How-
ever, this tephra layer has an erosional base contact and is
therefore likely a flow deposit. Based on the sedimentary
features, we propose that the M178-35, 546 cm is the cor-
relative deposit, but we cannot rule out that the upper layer
M178-35, 538 cm is the actual deposit of MB1.

The MB2 event is based on a correlation between marine
tephra layers M178-29, 292 cm and M178-35, 414 cm,
because both have similar glass compositions (phonote-
phritic to mugearitic) and similar stratigraphic positions
(Figs. 4B and 7). Below M178-35, 414 cm, we found three
additional layers similar to this sample. However, as these
are stratigraphically far below the deposit in the other core,
it is possible that these flow deposits belong to an additional
eruption that is geochemically very similar to MB4. MB2
has a calculated age of 8388 +97 yr BP and a tephripho-
nolitic composition (Table 3).

Additionally, there are six single site primary layers that
cannot be correlated to known terrestrial deposits or to
another primary marine tephra layer. Marine tephra layer

Table 3 Primary marine tephra layers with their correlated eruptions
and the respective ages. Ages marked with the star are from Coltelli
et al. (2000). No star indicates that the ages that are calculated with
the age model from this study

Marine sample Correlated eruption ~ Ages [yr BP]

M178-18 surface ash MB4 344
M178-35 15 cm MB4 344
M178-14 66 cm FV 1260 + 60*
M178-18 114.5 cm FV 1260 + 60*
M178-14 181 cm FF 2044 +60*
M178-18 123.5 cm FG 2180+ 60*
M178-18 189 cm FL 3150 +60*
M178-10 273 cm MB3 3714 +367
M178-11 244 cm MB3 3714 +367
M178-15 187 cm MB3 3714 +367
M178-10 305 cm FS 3930+ 60*
M178-11 275 cm FS 3930+ 60*
M178-12209.5 cm TV 5340+ 60*
M178-14 320 cm TV 5340+ 60*
M178-14 463 cm 7726
M178-29 292 cm MB2 8388 +97
M178-35-414 cm MB2 8388 +97
M178-35-505 cm

M178-35-523 cm

M178-35-531 cm

M178-10 364 cm MBI1 9135+977
M178-35-538 cm MBI1 9135+978
M178-35-546 cm MBI1 9135+979
M178-35-549 cm 9767
M178-35-555 cm 9825
M178-15 630 cm M1 12,240 +70%*
M178-35 579 cm M1 12,240 +70%*

M178-14, 463 cm, with a calculated age of about 7726 yr
BP, has a phonotephritic composition (Fig. 4B), and a sharp
basal contact to the background sediment (supplementary
table B). The other five are thin (< 1 cm thickness) single
site tephra layers in core M178-35 at depths 505 cm, 523 cm,
549 cm, and 555 cm with calculated ages between 9340 and
9825 yr BP, all showing erosive basal contacts (supplemen-
tary table B).

Correlations to distal sources and sediment archives

FL as a widespread marker horizon The FL tephra
(3150 £ 60 yr BP) from Mt. Etna is a widely dispersed
deposit that was previously discovered as tephra layers
and cryptotephra in distal sediment archives in Lake Ohrid
and Lake Shkodra (Albania-Macedonia) as well as in the
more proximal sediment cores recovered in Lago di Per-
guso in central Sicily (Wagner et al. 2008; Vogel et al. 2010;
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Fig.9 Single glass shard compositions. A FeO, versus TiO, plot and
B SiO, versus K,O plot for comparison of marine (brown squares)
and onshore FL data (brown correlation field) of the 3150+60 yr

Sulpizio et al. 2010; Sadori and Narcisi 2001) (Fig. 9). It
is therefore used as an important time marker in the Medi-
terranean (e.g., Francke et al. 2019). Interestingly, in the
investigated cores, we only detected the marine deposits of
the FL event in the most proximal core M178-18 (Figs. 1
and 7) and although the correlation field of the FL deposit
is rather large and overlaps with some of the other Mt. Etna
correlation fields (Figs. 5 and 6), especially the FeO, ver-
sus Si0O, diagram, is useful to distinguish between FL and
the other Mt. Etna deposits, since the FL deposit tends to
higher SiO, at lower FeO, contents (Fig. 5A). The MB3 layer
is in a suspicious stratigraphic position as it occurs in two
cores just above the geochemically distinct FS layer (Fig. 7);
however, the geochemical composition of MB3 is different
from what is known from FL, with lower SiO, (<51 wt%)
and relatively high FeO, (> 10 wt%) and CaO contents (> 8
wt%) (Fig. 6). Sulpizio et al. (2010) proposed a rather nar-
row eruption cloud with a north eastward direction, which
might explain why our marine cores east of Mt. Etna lack
the FL deposits.

Medieval-first eruption in M178 cores? The tephra lay-
ers of the MB4 event are the youngest deposits within the
investigated marine tephra record offshore Mt. Etna (Fig. 7,
Table 3). They are younger than 1260 yr BP and probably
older than the 1669 Mt. Etna eruption. It is probable that
they correspond to one of the N11 to N16 eruptions of Mt.
Etna (Fig. 2; Del Carlo et al. 2004). However, there is no
sample material or geochemical data available that allow us
to evaluate this possibility further. Another potential source
volcano for an eruption at this time is Somma-Vesuvius
with the 1265 yr BP “Medieval first” eruption (Simkin and
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Siebert 2005). The age of the tephra samples agrees well
with the age of this eruption, at 1260 yr BP. However, due to
the lack of correlative data, this remains speculative.

Implications for Mt. Etna volcanic activity

We correlated eleven marine tephra layers to seven marker
beds on land and discovered ten additional eruptions, indi-
cating that Mt. Etna has been more active than previously
thought during the time of the deposition of the sapro-
pel S1 between 10 and 7.7 ka BP. Del Carlo et al. (2004)
state that the explosive activity of Mt. Etna was very low
or absent for a period of about 3 kyr after the Ellittico
caldera-forming eruptions. Unit E started with deposition
of the M1 bed, produced by a large Subplinian eruption
at about 12 ka, which we found within our marine cores
(M178-15, 630 cm and M178-35, 579 cm). At least 10
deposits produced by Subplinian eruptions between 12 and
7.5 ka have been found onshore (Del Carlo et al. 2004).
The formation of the sapropel S1 is also documented
within this time period (10 to 7.7 ka BP) by Checa et al.
(2020) for the Ionian Sea. As the marine study area of
this work is located further south and in a quite differ-
ent sedimentary and tectonic environment compared to
that of Checa et al. (2020), the time limits of the sapropel
may be different from those suggested by those authors.
The uncertainty in age and correlation of primary tephra
layers within the sapropel thus remains a problem in the
construction of robust tephrostratigraphy for Mt. Etna. In
any case, the presence of 11 primary tephra layers within
the sapropel, erupted from Mt. Etna between 10 and 7.7 ka
BP, proves that there was considerable explosive activity
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within this time interval. Del Carlo et al. (2004) further
show that in the following 2000 years, between about
7.5 ka BP and deposition of the TV layer (5340 + 60 yr
BP), the volcaniclastic succession is represented by
1-2-m-thick eolian deposits in which the record of the
explosive activity is scarce. Since we have neither exact
age dating for the sapropel nor for marine tephra layers
within the sapropel near the east coast of Sicily, it is also
conceivable that the age of the sapropel S1 and of the
tephra layers are significantly younger than what we have
roughly calculated (Table 3). However, no deposits from
eruptions of Mt. Etna have been found on land in this
younger age range to date. The Milo lahar unit, which
includes a debris-avalanche deposit related to the opening
of VdB (Calvari et al. 1998), is covered by the TV layer.
This constrains the timing of the VdB formation. What is
striking is that the deposits of Unit E (last 12 kyr) mantle
the flanks of Mt. Etna continuously from the summit to
the distal areas, but are completely absent in the Valle del
Bove floor (Coltelli et al. 2000), which lies in the main
wind direction from the volcano. This raises the question
of whether any deposits in this region were transported
deeper into the Ionian Sea when the valley was opened
up, or whether deposits were lost or eroded in this process.
In any case, this underlines the importance of the marine
sediment archives to unravel the (explosive) volcanic his-
tory of Mt. Etna.

Del Carlo et al. (2004) further state that during the
1400 years between deposition of the TV and the FS units,
the explosive activity weakened, producing few widely
dispersed tephra layers. A very intense period of explosive
activity began with the FS Subplinian eruption (3930 +60 yr
BP; Coltelli et al. 2000). Afterwards, the frequency and mag-
nitude of explosive eruptions dramatically increased com-
pared to the previous 8000 years and has remained elevated
until the present. Moreover, in the last 4000 years, two of the
largest Holocene explosive eruptions of Mt. Etna occurred.
The first one formed the FL layer at 3150+ 60 yr BP (Col-
telli et al. 2000) and the second one formed the deposit of the
122 BC Plinian eruption (FG marker bed) (Del Carlo et al.
2004). Apart from the large FS, FL and FG eruptions, many
mid-intensity explosive eruptions (mainly Subplinian) have
occurred at Mt. Etna over the last 4000 years (about 7 per
ka; Del Carlo et al. 2004).

However, it is also possible that Mt. Etna was more
active during the time of the sapropel S1 deposition between
10 and 7 ka BP than previously concluded, based on the
tephrostratigraphic studies (e.g., Coltelli et al. 2000; Del
Carlo et al. 2004; Branca and Del Carlo 2004). In particu-
lar, the newly correlated deposits MB1 and MB2, as well as
other primary layers found at the beginning of the Holocene
between 10 and 7 ka BP, give us deeper insight into the geo-
logical evolution of Mt. Etna by providing more information

about eruptive processes, the explosivity and magnitudes of
eruptions, and especially the processes that occurred off-
shore before, during, and in the millennia following each
event.

Conclusions

In this work, we build a marine tephrostratigraphic frame-
work by studying eight gravity cores taken offshore Mt.
Etna and investigating 87 marine tephra layers within the
cores. Based on volcanic glass shard geochemistry and pet-
rographic observations, we identified 27 primary pyroclastic
deposits. Applying geochemical fingerprinting, we corre-
lated eleven of the primary deposits to seven well known
eruptions of Mt. Etna, which provide valuable time markers
in the marine sediment records and comprise the FV, FF, FG,
FL, FS, TV, and M1 eruptions. Another ten primary tephra
layers have been correlated between cores, which enlarge the
tephrostratigraphic framework significantly. Together with
the remaining six single-site tephra layers, we discovered 17
volcanic events that must have been widespread and large
enough to reach the distal coring sites. It is noteworthy that
we discovered six eruptions within the time span from 10 to
7 ka BP, i.e., within the sapropel S1 time period. This study
demonstrates the value of integrating terrestrial and marine
data sets to enhance the understanding of the eruption his-
tory of a volcano such as Mt. Etna. However, further studies
are necessary to deepen these insights and to provide a more
comprehensive picture from a marine perspective.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00445-024-01785-x.
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