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In the lacustrine successionF4-F5of theFucinoBasin, central Italy, 20 visible tephra layerswere identified in the time
interval 250–315 ka (Marine IsotopeStages8–9).Fifteenof themcontained suitablematerial toexplore theirvolcanic
sources. Among these tephra some well-known eruptions and eruptive sequences of the Roman and Roccamonfina
volcanoes were identified, such as the Tufo Giallo di Sacrofano and the Lower White Trachytic Tuff, respectively.
Furthermore, the sediment succession documents a more complex eruptive history of the Sabatini, Vulsini, Colli
AlbaniandRoccamonfinavolcaniccomplexesduringthe investigatedperiod,as inferred frompreviouslyundescribed
tephra deposits. Single-crystal-fusion 40Ar/39Ar dating of two of the inspected tephra layers combined with two
already published tephra ages provided the basis for a Bayesian age-depth model. The modelled tephra ages allow
chronological constraining of so-far undefined eruptions of the Sabatini (272.5�4.7, 281.8�4.7, 308.5�2.8,
312.8�2.1 ka), the Vulsini (311.7�2.3, 311.9�2.3 ka) and the Colli Albani (301.0�3.6 ka) volcanic districts. Two
tephra layers of an undefined volcanic source from the Roman volcanoes have modelled ages of 309.5�2.7 and
310.5�2.6 ka. The new 40Ar/39Ar and modelled ages were further used for a reassessment of the timing of already
known and dated eruptive units, such as the Tufo Giallo di Sacrofano (40Ar/39Ar: 289.3�4.8 ka). Tephra tentatively
correlated with the Valle Santa Maria, Case Pisello and the White Trachytic Tuff Unit E3 or Unit F offer modelled
ages for these eruptions of 296.6�3.9, 301.8�3.5 and 303.6�3.4 ka, respectively. The results complete the
tephrostratigraphical investigations of the c. 425 ka old F4-F5 record, extend the Mediterranean tephrostrati-
graphical framework and provide a significant contribution for improving knowledge on Italian volcanic explosive
activity.
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Tephrostratigraphy and tephrochronology are powerful
tools, which find a broad range of application in
archaeology, palaeoclimatology and geosciences (e.g.
Lowe 2011). Due to the synchronous deposition of
volcanic ash (tephra) in different sedimentary environ-
ments, tephra layers are used to set sedimentological
records in a stratigraphical context and to investigate
their inter-site relationships. Tephra layers also enable
dating of sedimentary successions, either by radiometric
dating of suitable minerals of a tephra layer or by
transferring the ages of equivalent tephra layers between
different sites. An outstanding advantage of tephrochro-
nology is that chronologies developedby thismethod are
independent of the interpretation of proxy data utilized
for tuningapproaches, so that, e.g. circular reasoningcan
be avoided and spatial and temporal evolution and
relationships of different environmental systems can be

assessed (Zanchetta et al. 2016). This is of fundamental
importance, as a precise and accurate temporal frame-
work is crucial for assessing palaeoclimatic questions
and identifying short- and long-term palaeoclimatic
changes and their drivers. Combining the reconstructed
volcanic activity with information on palaeoenviron-
mental changes can also provide insights into the
interactions of volcanic activity and palaeoclimate
(Lavigne et al. 2013; Kutterolf et al. 2019). Moreover,
tephrostratigraphy can provide valuable information for
assessing volcanic hazards in terms of the frequency and
magnitudes of past eruptions (Sulpizio et al. 2014;
Albert et al. 2019).

However, for the successful application of tephrostrati-
graphy and tephrochronology allowing the transfer of
reliable ages between sites, the construction of a
robust tephrostratigraphical framework with extended
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knowledge of the explosive volcanic history of a region
and a comprehensive volcanic glass geochemical data
set of the different eruptions are both needed. The
Mediterranean region offers suitable conditions for
tephrostratigraphy and tephrochronology, which has
led to the development of a comprehensive and continu-
ously expanding tephrostratigraphic framework (Keller
et al. 1978; Paterne et al. 2008; Zanchetta et al. 2011;
Wulf et al. 2012; Insinga et al. 2014; Petrosino et al.
2015; Giaccio et al. 2015a, 2017b; Vakhrameeva
et al. 2018, 2021; Leicher et al. 2019, 2021; McGuire
et al. 2022;Monaco et al. 2022b). However, the tephros-
tratigraphic framework >100 ka is still fragmentary.

The lacustrine succession of the Fucino Basin, central
Italy (Fig. 1), has been proven to be one of the richest
Mediterranean Pleistocene tephra records and greatly
contributed to a more complex tephrostratigraphical
framework (Giaccio et al. 2017b, 2019; Del Carlo
et al. 2020; Monaco et al. 2021, 2022a; Leicher et al.
2022). Its geographical position in good range down-
wind of most volcanic systems of central Italy and its
continuous sedimentary succession make it a corner
stone to develop a reference section for volcanic activity,
such as successfully shown for the last 190 ka, and
provided also detailed palaeoenvironmental informa-
tion (Giaccio et al. 2017b; Di Roberto et al. 2018;
Mannella et al. 2019). The F4-F5 sediment succession
obtained in 2017 from Fucino Basin extends this work
for the last c. 425 ka (cf. Fig. 1; Giaccio et al. 2019) and
has already greatly improved the tephrostratigraphy for
the intervals 0–253 ka (Giaccio et al. 2019; Monaco
et al. 2022a) and 313–425 ka (Monaco et al. 2021;
Leicher et al. 2022). These results contributed towards
a better knowledge of the precise timing and strati-
graphical succession of Italianmajor volcanic eruptions,
but also for preceding or following associated minor
eruptive events within the Middle Pleistocene. Based on
the obtained tephrochronological information, the
Fucino sediment succession can be precisely dated,
which is an essential prerequisite for investigating its
regional palaeoenvironmental and palaeoclimatic his-
tory and allows aligning it with other Mediterranean
palaeoenvironmental archives.

Here, we complement the tephrostratigraphical and
tephrochronological investigations of the F4-F5 record
for the pending interval 250–315 ka (marine isotope
stages (MIS) 8–9), presenting newglass geochemical and
chronological data of macroscopic visible tephra layers
and their integration within the regional tephrostrati-
graphical framework.

Regional setting

Fucino Basin

TheFucinoBasin is located~650 m a.s.l. in theAbruzzo
region in central Italy and is the largest extensional

tectonic basin of the central-southern Apennine chain
(Fig. 1A, B). The basin opened along the E–W,NE–SW
andNW–SEorientedFucinoFault Systemstarting from
the Late Pliocene to Lower Pleistocene (e.g. Galadini &
Galli 2000;D’Agostino et al. 2001;Giaccio et al. 2012;
Amato et al. 2014). Seismic investigations of theFucino
Basin revealed a semi-graben architecture with an
increasing sediment infill of up to ~900 m thickness
fromthewest towards thedepocentre in the east (Patacca
et al. 2008). The Plio-Quaternary deposits unconform-
ably overlay both Late Messinian terrigenous deposits
and the Meso-Cenozoic carbonate basement (Cavinato
et al. 2002; Giaccio et al. 2019; Mondati et al. 2021).
The Plio-Pleistocene sedimentation is believed to have
startedbefore2.0 Ma(Giaccio et al. 2015b)and3.0 Ma
(Mondati et al. 2021) and appears to be continuous, at
least in thecentralpartof thebasin (Giaccioet al. 2017b,
2019; Mannella et al. 2019). The basin hosted Lake
Fucino (Lacus Fucinus) until the lake was artificially
drained, starting from the 1st–2nd century CE and
completed by the end of the 19th century for agricultural
reasons.

Italian volcanic activity of the Middle Pleistocene

The Pleistocene–Holocene Italian volcanism includes
the volcanic activity of the Roman Province (Vulsini,
Vico, Sabatini and Colli Albani volcanic districts), the
Volsci Volcanic field and the Roccamonfina volcano
(former Ernici-Roccamonfina Volcanic Province), the
Campanian Province (Neapolitan volcanoes of Somma-
Vesuvius, Campi Flegrei, Ischia and Procida and the
buriedCampanianPlainvolcanism),MountVulture, the
Aeolian Arc, the Sicily Province (after Peccerillo 2005;
Peccerillo & Frezzotti 2015; Cardello et al. 2020; see
also Fig. 1C). For the period investigated here (250–
315 ka), explosive volcanic activity is mainly known
from the Roman Province and Roccamonfina volcano
and only subordinately from the Campanian Province
and the Volsci Volcanic field (Fig. 1C).

In the Sabatini volcanic district (SVD), the Sacrofano
caldera developed contemporaneously with the Brac-
ciano caldera (Sottili et al. 2019). The age of the Tufo di
Bracciano (TdB) is considered to be between 310.0�5.0,
319.1�6.0 (Sottili et al. 2010) and 323.9�2.0 ka (Per-
eira et al. 2017). Following the Magliano Romano
Plinian fall (MRPF; 313.5�1.4 ka; Sottili et al. 2010;
Leicher et al. 2022) the construction of the Monte
Aguzzo Scoria cone (303.0�6.0 ka) took place, before
the major caldera-forming event led to the deposition of
the Tufo Giallo di Sacrofano (TGdS; 288.8�6.0 ka;
Sottili et al. 2010). At the Bracciano caldera, the
Aguscello scoria cone and Valle Santa Maria maar
formed at 298.8�3.0 and 293.2�4.7 ka, respectively,
prior to the creation of the Pizzo Prato caldera at
251.4�16.0 ka (Tufo di Pizzo Prato (TdPP); Sottili
et al. 2010; Marra et al. 2020a). The time interval of
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interest is also characterized by various effusive activity
within the SVD (Monte Rocca Romana; Monte Cin-
ghiale; Vigna di Valle lava flows; 286–293 ka; Sottili
et al. 2010; Marra et al. 2020a).

In the investigated time period, the Vico volcano
activitywas characterizedbyeffusive activityof theLago
diVico lavaFormation,which led to the constructionofa
stratovolcano (258–305 ka;Periniet al. 2004),beforean
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Fig. 1. A. Overviewmap of the centralMediterranean region and the location of Italian volcanoes (red circles) and archives discussed in the text
(white squares). B. Map of the Fucino Basin and drill sites, main tectonic lines and sedimentary infill according to Cavinato et al. (2002). Maps
made with GeoMapApp (www.geomapapp.org) based on the Global Multi-Resolution Topography by Ryan et al. (2009). C. Overview of the
known Italian volcanic activity of the Vulsini Volcanic District (VVD), Vico volcano, Sabatini Volcanic District (SVD), Colli Albani Volcanic
District (CAVD), Volsci Volcanic Field (VVF), Roccamonfina volcano and Campanian Province for the period 250–315 ka. Active periods and
active volcanic complexes (colouredbars, names in italics) arepresentedalongwith themostprominent eruptions.TheAeolian Islands, Pantelleria
andMt. Vulture are not shown, since no active phases are reported in proximal settings for the period studied. TGdS =TufoGiallo di Sacrofano;
MRPF =Magliano Romano Plinian Fall; TdPP = Tufo di Pizzo Prato; TdB = Tufo di Bracciano; WTT stage =White Trachytic Tuff stage. Data
source for the Vulsini volcanic district: Brocchini et al. (2000); Palladino et al. (2010); Marra et al. (2019); for Vico: Perini et al. (2004); for the
Monti Sabatini volcanic district: Sottili et al. (2004); Sottili et al. (2010); for Colli Albani: Marra et al. (2003); Giordano et al. (2006); for
Roccamonfina: Giannetti & Luhr (1983); Giannetti & De Casa (2000); Giannetti (2001); for the Volsci Volcanic Field: Marra et al. (2021); for
Campanian Province: Rolandi et al. (2003).
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explosive phase started with the Farine formation
(Ignimbrite A, c. 250 ka; Perini et al. 2004).

In the Vulsini Volcanic district (VVD), only the Case
Pisello eruption (293.8�4.0 ka; Brocchini et al. 2000) is
reported as a major explosive event between the
eruptions of Orvieto-Bagnoregio (WOB; 331.5�2.2 ka;
Palladino et al. 2014; Marra et al. 2019; Leicher
et al. 2022) and Canino (253.4�0.8 ka; Monaco et al.
2022a), although effusive and Strombolian activities
were occurring in this time-span (Palladino et al. 2010).

In the Colli Albani Volcanic district (CAVD), the
Faete Phase (De Rita et al. 1988), during which the
Tuscolano-Artemisio peri-caldera ring fracture system
and the intra-caldera Faete stratovolcano formed
(Giordano et al. 2006, 2010), occurred at c. 250–
308 ka (Marra et al. 2003) and was characterized
mainly by scoria cones and lava flows, but also included
theCastiglionemaar successionwith an estimated age of
c. 285 ka (Marra et al. 2003).

The late eruptive phase of the Volsci Volcanic field
(VVF) is imprecisely constrained (c. 230–300 ka;Marra
et al. 2021) and is mainly characterized by effusive
volcanic activity and minor local explosive activity like
thePofi cindercone (297.6�43.3 ka;Boariet al. 2009b).

At the Roccamonfina volcano, a series of eruptions
known as the White Trachytic Tuff (WTT) have been
dated to between 230 and 330 ka (Giannetti &
De Casa 2000), of which Units D (312.9�4.0 ka), E
(301.5�8.0–309.9�30.0 ka) and F (292.5�14.0 ka)
occurred in the investigated time frame (Giannetti &
Luhr 1983; Ballini et al. 1991; Giannetti & De Casa
2000).

With respect to Campanian volcanoes, there is still a
lack of knowledge of volcanic products older than the
Campanian Ignimbrite eruption (c. 40 ka;Giaccio et al.
2017a), as those have been buried by Late Pleistocene–
Holocene volcanic activity. The only accessible deposits
for the investigated time interval discovered so far are the
Seiano ignimbrite deposits south of the Campanian
Plain, the ages of which range from c. 250 to 290 ka
(Rolandi et al. 2003).

Material and methods

F4-F5 sediment record

In 2017, at the Fucino F4-F5 drill site close to the centre
of the basin (Fig. 1B, latitude 42°00006.2200N, longitude
13°32017.7900E) two parallel core successions were
recovered reaching a field depth of 87.00 and 87.75 m,
respectively. Seismic information (Cavinato et al. 2002)
and sedimentation rate estimations based on previous
drilling campaigns at adjacent sites (GeoLazio and SP
cores, ~20 cm ka�1; Giaccio et al. 2015b, 2017b) sug-
gested the F4-F5 drill site as ideal for recovering older
(>190 ka) sediments at a relatively shallow depth as
compared to the F1-F3 (0.45 mm a�1) in the main

depocentre of the lake (Giaccio et al. 2017b; Mannella
et al. 2019). Individual (1.5-m-long) core segments from
bothboreholeswere spliced toa98.11-m-long composite
profile (F4-F5 record) based on core images, XRF
data and palaeomagnetic information (Giaccio
et al. 2019). Sediments are dominated by grey-whitish
lacustrine calcareous marls alternating with darkish
lacustrine clays and frequently intercalated, macroscop-
ically visible tephra layers (n = 140). The variability of
the calcareous content in the F4-F5 sediments is mainly
related tovariations inprecipitationof endogenic calcite,
which depends on the lake’s primary productivity
(Mannella et al. 2019). The productivity in turn is
mainly controlled by temperature and hydrology, which
are related to glacial–interglacial and sub-orbital cli-
matic variability (Mannella et al. 2019).

The F4-F5 record spans back to MIS 12
(424.8�3.2 ka 40Ar/39Ar age of TF-85; Giaccio
et al. 2019), significantly extending the previous F1-F3
record (last 190 ka; Giaccio et al. 2017b, 2019;
Mannella et al. 2019), and has already been subject to
a series of detailed tephrostratigraphical and tephro-
chronological investigations focusing on specific inter-
vals: 170–253 ka (Monaco et al. 2022a), 313–366 ka
(Leicher et al. 2022), 365–424 ka (Monaco et al. 2021).
Here, the remaining interval 250–315 ka is investigated.

X-ray fluorescence (XRF) core scanning

Individual core halves of the F4-F5 recordwere scanned
using an Itrax XRF scanner (Cox Analytical Systems,
Sweden) at the Institute of Geology and Mineralogy of
the University of Cologne, Germany. XRF scans were
made as described in Giaccio et al. (2019) using a
Chromium tube set at 55 kV and 30 mA with a dwell
time of 10 s and a step-size of 2.5 mm.

Tephra identification and sample preparation

Tephra layers in the F4-F5Fucino recordwere identified
duringvisual coredescriptionandsubsequent inspection
of high-resolution line-scan images. Tephra layers were
sampled over their entire thickness as abulk sample and,
if different subunits were identified, a subsample was
taken from each subunit (Table 1). If tephra layers of
thickness <0.5 cm were mixedwith substantial amounts
of lake sediments, samples were sieved and treated with
HCl (10%, room temperature <12 h) to remove carbon-
ates and enrich the glass fraction.

Sampling of the proximal Tufo Giallo di Sacrofano
(TGdS) deposits

TheTGdSwas sampledat twosites at thenorthern rimof
the Sacrofano caldera of the Sabatini Volcanic District.
At site A (42°8034.0000N, 12°23045.0000E), TGdS deposits
are separated byapalaeosol fromunderlying local scoria
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cone deposits and sample TGDS-1 was taken from the
basal part of the TGdS deposits represented by ~1–2 m
thick blackish, well-sorted, cm-sized scoria of the initial
phase of the eruption. TGDS-2 is a sample from the
overlying basal part of the main eruptive phase
represented by yellowish, partly zeolitized ash deposits
of several-m-thickness. At site B (42°805.0000N,
12°23045.0000E), only the TGdS products of the main
phase are exposed on top ofMonte Ficoreto scoria cone
deposits. Samples TGDS 3–4 were sampled from the
middle and the bottom, respectively, of this >10-m-thick
succession.

EPMA-WDS

Major andminor elements of individual glass fragments
were analysed by electron microprobe wavelength
dispersive spectroscopy (EPMA-WDS) to determine
the geochemical fingerprint of the respective tephra
layers of the Fucio succession and proximal TGdS

samples. All samples were measured at the University of
Cologne (Germany), whereas one sample (TF-47) was
also measured at the Istituto di Geologia Ambientale e
Geoingegneria of the Italian National Research
Council (IGAG-CNR, Rome, Italy). A JEOL JXA-
8900RL electron microprobe equipped with five wave-
length dispersive spectrometers was used for analysis at
the University of Cologne. The operation conditions
were set to 12-kV accelerating voltage, 6-nA beam
current and 5–10 lm beam diameter. Full details of
calibration and measuring conditions are given in
Leicher (2021).Analysis at IGAG-CNRwereperformed
with aCameca SX50 electronmicroprobe equippedwith
five wavelength dispersive spectrometers and operated
with an accelerating voltage of 15 kV, a beam current of
15 nA, abeamdiameterof 10 lmand a counting time of
20 s per element (full details of calibration and measur-
ing conditions are given in Leicher & Giaccio (2021)).
Analytical differences caused by the different EPMA-
WDS settings of the IGAG-CNR and University of

Table 1. Tephra layers identified in the time interval 250–315 ka of the F4-F5 succession and information about their position within the record,
appearance, petrological composition according to the TAS-diagram (Le Bas et al. 1986) and their modelled and 40Ar/39Ar ages. † = 40Ar/39Ar
ages of this study; ‡ = 40Ar/39Ar age fromMonaco et al. (2022a); ‡‡ = 40Ar/39Ar age from Leicher et al. (2022). Tephra layers written in italics
represent altered material.

Label Core section and
depth (cm)

Bottom
depth
(m c.d.)

Distance
to tephra
above
(m)

Thickness
(cm)

Appearance Rock type (TAS) Modelled
age and
40Ar/39Ar
age (ka)

TF-43 F4-32 149.80–151.21 49.021 0.47 1.96 Layer Phonolite-trachyte 253.9�1.5,
253.4�0.8‡

TF-44 F4-33 48.00–51.00 49.542 0.52 3.00 Lenses Altered 257.9�3.1
TF-45 F4-33 128.50–130.00 50.332 0.79 1.50 Lenses Altered 263.9�4.3
TF-46 F5-34 31.00–32.00 51.453 1.12 5.97 Lenses Tephrite-phonotephrite 272.5�4.9
TF-47 F4-35 26.00–31.97 52.681 1.23 2.86 Lenses Trachyandesite-phonolite-trachyte 281.8�4.7
TF-48 F5-35 85.49–88.35 53.899 1.22 1.00 Layer Trachyandesite-phonolite-trachyte 287.8�4.2,

289.3�4.8†

TF-49 F5-35 120.26–123.45 54.250 0.35 3.19 Layer Altered 289.2�4.2
TF-50 F5-36 74.00–78.25 55.660 1.41 4.25 Lenses Altered 294.5�4.1
TF-51 F5-36 130.75–133.5 56.212 0.55 2.75 Lenses Phonotephrite 296.6�3.9
TF-52 F5-36 148.89–149.31 56.370 0.16 0.42 Layer Altered 297.2�3.9
TF-53 F5-37 70.14–71.93 57.385 1.01 1.79 Layer Foidite-tephriphonolite 301.0�3.6
TF-54 F5-37 89.99–91.63 57.582 0.20 1.64 Layer Tephriphonolite-

phonotephrite + phonolite
301.8�3.5

TF-55 F5-37 138.38–139.28 58.058 0.48 0.90 Layer Phonolite-trachyte 303.6�3.4
TF-56 F5-38 107.25–110.25 59.363 1.31 3.00 Layer Phonotephrite-

tephriphonolite + phonolite
308.5�2.8

TF-57 F5-38 136.90–137.36 59.634 0.27 0.46 Layer Tephrite-phonotephrite-
tephriphonolite

309.5�2.7

TF-58 F4-39 17.99–25.00 59.886 0.25 8.00 Layer Tephrite-phonotephrite-
tephriphonolite-phonolite

310.5�2.6

TF-59 F4-39 55.00–58.00 60.216 0.33 3.00 Layer +
lenses

Phonotephrite-tephriphonolite-
trachyandesite

311.7�2.3

TF-60 F4-39 60.00–62.00 60.256 0.04 2.00 Lenses Phonotephrite-tephriphonolite-
trachyandesite

311.9�2.3

TF-61 top/
bottom

F4-39 79.75–81.5–
84.75

60.483 0.23 5.00 Twofold
zoned layer

Top = phonotephrite-tephriphonolite,
bottom = tephrite

312.8�2.1,
313.3�1.0†

TF-62 top/
middle/bottom

F4-39 90.00–94.20–
97.60–100.50

60.608 0.12 10.50 Threefold
zoned layer

Top = phonolite + tephriphonolite,
middle = phonolite + tephriphonolite,
bottom = phonolite + tephrite-
phonotephrite

313.2�2.2,
313.5�1.4‡‡
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Cologne laboratories are discussed in detail in Leicher
et al. (2021). This previous comparison revealed higher
results for SiO2 andMgO and lower for FeO,Mn,Na2O
of the IGAG-CNRanalyses relative to those obtained at
the University of Cologne, whereas concentrations of
TiO2, Al2O3, CaO and Cl do not show systematic
deviations.With respect to sampleTF-47, results of both
laboratories fully overlap within the compositional
spectrum of the sample, and so no correction was
applied. However, as observed within the previous
comparison, IGAG-CNR results trend towards the
overall upper range of SiO2 and lower range of Na2O
concentrations measured for TF-47.

During microprobe analysis at the University of
Cologne, MPI-DING glasses (ATHO-G; StHs6/80-G)
were used as secondary standards to evaluate the
accuracy and precision of measurement sessions based
onpreferredvalues fromJochum (2006).Meanvalues for
precision (relative standard deviation %) and accuracy
(bias of mean to preferred reference value in %) of
analyses are respectively up to 1.4 and 1.1% for elemental
concentrations >60 wt%, up to 3.2 and 2.6% for 25–5 wt
%, up to 8.2 and 9.2% for 5–1 wt%, up to 11.3 and 10.0%
for 1–0.2 wt% and 61 and >18% for 0.2–0.1 wt%.

The EPMA laboratory at IGAG-CNR used the
Kakanui augite USNM 122142 (Jarosewich 2002) and
rhyoliteRLS132 glass from theUnited StatesGeological
Survey (Huebner & Woodruff 1985) as secondary
reference material prior to sample measurements to
evaluate data quality. Themean analytical precision and
accuracy are respectively up to 1.8 and 0.2% for element
abundances >50 wt%, up to 2.7 and 3.8% for element
abundances between 20–10 wt%, up to 5.8 and 9.5% for
element abundances between 9–4 wt%, up to 3.0 and
5.3% for element abundances 2–1 wt%, up to 40.8 and
18.1% for element abundances 1.0–0.1 wt% and up to
23.3 and 54.4% for element abundances <0.1 wt%.

Only EPMA-WDS geochemical analyses of glass
fragments with analytical totals >90 wt% were consid-
ered and normalized to 100% on a water-free basis,
excluding volatiles (Cl, SO3 and F). The tephra layers
were classified according to their geochemical glass
composition using the total alkali vs. silica (TAS)
classification system (Le Bas et al. 1986).

40Ar/39Ar dating

Two tephra layers (TF-48/-61, see Table 1 for depths)
were selected for dating and subsequently sieved using
mesh sizes of 500, 350 and 250 lm. For tephra TF-48, the
500–350 and 350–250 lm fractions were further sepa-
rated using a FRANTZ magnetic separator at the
University of Cologne. All aliquots were washed with
distilled water before transparent, inclusion-free sanidine
and/or leucite crystals were handpicked under a binocular
and sent to the Laboratoire des Sciences du Climat et de
l’Environnement (CEA, CNRS UMR 8212, Gif-sur-

Yvette, France). At CEA, crystal aliquots underwent an
additional purity screening and were selected based on
available crystal sizes for irradiation and dating (500–
350 lm fraction for TF-61 and 350–250 lm fraction for
TF-48). Between 20 and 30 crystals for each tephra layer
were irradiated at the CLICIT facility of the Oregon State
University TRIGA reactor before individual minerals
were measured bymeans of single crystal 40Ar/39Ar fusion
at the CEA.Neutron fluence J factor was calculated using
co-irradiated Alder Creek sanidine standard ACs-2
associated with an age of 1.1891 Ma (Niespolo
et al. 2017) according to the K total decay constant of
Renne et al. (2011) (ke.c. = (0.5757�0.016)910�10 a�1

and kb
� = (4.9548�0.013)910�10 a�1). J-values are the

following: TF-48 (J = 0.00055581�0.00000139; TF-61
(J = 0.0005606�0.00000045). A detailed description of
analytical settings can be found in Leicher et al. (2022)
and full analytical data for each sample can be found in
Table S1.

Age-depth modelling

Age-depth modelling for the studied interval of the F4-
F5 successionwasperformedusing the softwarepackage
Bacon v. 2.5.8 (Blaauw & Christen 2011) within the
open-source statistical environment R (R Core
Team 2022) and used four available 40Ar/39Ar ages of
tephra layers identified within the sediment succession.
The entire succession was divided into 5-cm vertical
sections tomodel individual accumulation rates at a 99%
confidence interval, which provide the basis for the age-
depthmodel.Major sedimentological changes identified
during core description and within the XRF-downcore
datawere considered via the ‘boundary’ function within
the model to account for different sedimentation rates
during glacial and interglacial conditions. This major
lithological change (carbonate and clastic content) was
identified at about 53.1 m correlated depth (m c.d.) and
marks the change from interglacial (MIS 9) to glacial
(MIS 8) conditions (Giaccio et al. 2019; Mannella
et al. 2019). Based on the age-depth model, an individ-
ual age with a 2r uncertainty was calculated for each
tephra layer identified.

Results

40Ar/39Ar dating results and age-depth modelling

The results of 40Ar/39Ar dating of individual tephra
layers are presented as probability diagrams (Fig. 2).
Weighted mean age uncertainties are reported at 2r,
including J uncertainty, and were calculated using
Isoplot 4.1 (Ludwig 2009). Inverse isochrones of indi-
vidual samples, although imprecise for tephraTF-48, are
characterized within uncertainties by an atmospheric
40Ar/36Ar initial intercept, suggesting that dated crystals
are without detectable excess argon. The full inverse
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isochronesdataset canbe found inTable S1.Atotalof15
individual sanidine and leucite crystals of TF-48 were
dated. The main population, constituted by 13 crystals
(Fig. 2), was used to calculate a weighted mean age of
289.3�4.8 ka (MSWD = 0.1, p = 1.0). Two older crys-
tals were also found (356.0�16.4, 454.0�23.4 ka). The
age of tephra layer TF-61 was determined based on 15
leucite single crystals, which share within uncertainties
the same age (Fig. 2). This allowed the calculation of a
robust and precise weighted mean age of 313.3�1.0 ka
(MSWD = 0.3, p = 1.0).

The two new 40Ar/39Ar ages and the previously
obtained ages for TF-62 (313.5�1.4 ka; Leicher et al.
2022) and TF-43 (253.4�0.8 ka; Monaco et al. 2022a)
provided thebasis for age-depthmodelling of the studied
interval (Fig. 2). Overall, themodel suggests continuous
sedimentation with a mean accumulation rate of 67.6 a
cm�1 (14.8 cm ka�1) during glacials and 41.1 a cm�1

(24.3 cm ka�1) during interglacial conditions. The
modelled ages of the tephra layers that have not been
directly dated are provided inTable 1.All 40Ar/39Ar ages
of tephra layers discussed from literature were
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Fig. 2. A, B. Relative probability diagrams of single crystal fusion 40Ar/39Ar ages of tephra layers TF-48 and TF-61. C–F. Age-depth model (C)
based on available 40Ar/39Ar ages of tephra layers of the studied interval, modelled using Bacon v. 2.5.8 (Blaauw & Christen 2011). The red line
indicates thepositionof theboundaryfunction,whichwassetwithinthemodel toaccountfordifferences intheaccumulationrateduringglacialand
interglacial conditions. D. Graph showing the fit of all Markov ChainMonte Carlo iterations of the model run. E, F. Prior (green) and posterior
(grey) distributions of accumulation rate (E) and memory (F) for the modelled succession of F4-F5 along with the chosen input parameter.
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recalculated according to ACs at 1.1891 Ma (Niespolo
et al. 2017) and the total K decay constant of Renne
et al. (2011) and are summarized in Table 2.

Tephra identification, morphological description and
compositional features

Within the interval 49.00–60.61 m c.d. of the F4-F5
sediment succession 20 layers containing pyroclastic
materialwere identifiedbyvisual inspection.Theposition
of these tephra horizons and their characteristic litholog-
ical features, i.e. thickness, colour,morphological appear-
ance, are given inTable 1.Often, tephraoccurs asmassive
discrete layers or single or arrays of lenses intercalated in
fine grained lake sediments andvary in thickness between
0.4 and 10.5 cm. Bioturbation, sediment load, or drilling
disturbance structures are present, but had aminor effect
on the preservation of most of the tephra layers with
respect to determining the position of the isochrone or
internal structures. Tephra layers TF-43 and TF-62,

framing the here investigated interval, were previously
analysed and correlated with the Canino eruption from
the VVD (Monaco et al. 2022a) and the Magliano
Romano Plinian Fall (MRPF) eruption of the SVD
(Leicher et al. 2022), respectively. Of the remaining 18
tephra layers, 13 contained sufficient amounts of fresh
glass for detailed geochemical fingerprinting. The other
five tephra layers, inwhich glasswas absent or affected by
devitrification processes, are found in the interval 49.02–
56.37 m c.d. This partially extends the interval from ~46–
49 m c.d., in which methane–sediment interactions have
caused alteration of volcanic glass as described by
Monaco et al. (2022a). However, similar to the interval
described before, not all tephra layers were affected by
alteration. The full data set of EPMA-WDS analyses is
available at the EarthChem repository (Leicher
et al. 2023). The individual petrological classification of
tephra layers according to the total alkali vs. silica (TAS)
diagram (Le Bas et al. 1986) is summarized in Table 1
and visualized in Fig. 3.

Table 2. Summaryof available 40Ar/39Arages discussed in the text and inFig. 8.For ahomogenized comparison, all ageswere recalculated toACs
at 1.1891 Ma (Niespolo et al. 2017) and the decay constant ofRenne et al. (2011).Uncertainties are given at a 2r level including analytical and J-
value uncertainties. N/A = no information about decay constant and mineral flux standards in original reference available for recalculation.

Volcanic source Eruptive event/name of tephra Original age (ka) Recalculated age (ka) Reference

Campanian Seiano (VE-2A) 245.9�3.0 250.3�6.0 Rolandi et al. (2003)
Campanian Seiano (VE-2B) 289.6�3.8 294.8�3.8 Rolandi et al. (2003)
Campanian Val D’Agri Tephra 265.1�6.0 264.2�6.0 D’Addezio et al. (2006)
RMF WTTUnit F 288.0�14.0 292.5�14.0 Giannetti & De Casa (2000)
RMF LWTTUnit E 3 297.0�8.0 301.5�8.0 Giannetti & De Casa (2000)
RMF LWTTUnit E 3 307.0�4.0 N/A Giannetti & Luhr (1983)
RMF LWTTUnit E 3 295.0�2.0 N/A Ballini et al. (1991)
RMF LWTTUnit E 1 301.0�2.0 N/A Ballini et al. (1991)
RMF LWTTUnit E 1 305.0�30.0 309.9�30.0 Giannetti & De Casa (2000)
RMF LWTTUnit D 308.0�4.0 312.9�4.0 Giannetti & De Casa (2000)
RMF LWTTUnit E1 (MOL10/14) 311.0�5.0 312.1�5.0 Amato et al. (2014)
SVD Pizzo di Prato (SVD-01) 249.0�16.0 251.4�16.0 Sottili et al. (2010)
SVD Vigna di Valle lava (SAB-14) 283.0�6.0 285.8�6.0 Sottili et al. (2010)
SVD TGDS (R93-28) 285.0�2.0 289.7�2.0 Karner & Renne (1998)
SVD TGDS (SAB-49) 286.0�6.0 288.8�6.0 Sottili et al. (2010)
VVD Case Pisello 286.0�8.0 293.8�4.0 Brocchini et al. (2000)
SVD M. Rocca Romana (MRR) 288.1�5.9 288.8�5.9 Marra et al. (2020a)
SVD M. Cinghiale lava (MCG) 292.7�1.8 293.4�1.8 Marra et al. (2020a)
SVD Valle SantaMaria (VSM) 292.7�4.7 293.2�4.7 Marra et al. (2020a)
SVD Aguscello (SAB-19) 296.0�3.0 298.9�3.0 Sottili et al. (2010)
SVD M. Aguzzo Scoria cone (SAB-50) 300.0�6.0 303.0�6.0 Sottili et al. (2010)
SVD Tufo di Bracciano (SAB-15) 307.0�5.0 310.0�5.0 Sottili et al. (2010)
SVD Tufo di Bracciano (SAB-71) 316.0�6.0 319.1�6.0 Sottili et al. (2010)
SVD Tufo di Bracciano (POL12-01/03) 325.0�2.0 323.9�2.0 Pereira et al. (2017)
VVD CB-5 313.3�6.9 313.6�6.9 Marra et al. (2020b)
VVD CB-4 313.5�22.1 313.8�22.1 Marra et al. (2020b)
VVD CB-5 315.3�6.9 315.6�6.9 Marra et al. (2020b)
Undefined PdG-S13 248.1�3.9 247.3�3.9 Marra et al. (2016)
Undefined R93-15H2 253.0�8.0 252.2�8.0 Marra et al. (2016)
Undefined PdG-S22 262.9�5.0 262.0�5.0 Marra et al. (2016)
Undefined PdG-S23 265.0�8.0 264.1�8.0 Marra et al. (2016)
Undefined PdG-S4+R95-04B 269.2�3.8 268.3�3.8 Marra et al. (2016)
Undefined AV-AF 277.9�1.6 277.0�1.6 Marra et al. (2016)
Undefined PdG-S19 297.3�2.2 297.3�2.2 Marra et al. (2016)
Undefined Casal de’ Pazzi (CdP) 303.5�9.0 302.5�9.0 Marra et al. (2018)
Undefined KW-1 309.5�4.3 310.2�4.3 Marra et al. (2023)

BOREAS Central Mediterranean tephrochronology from the Fucino sediment succession 171

 15023885, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bor.12637 by C

ochraneItalia, W
iley O

nline L
ibrary on [15/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Fig. 3. Geochemical classification and overview of F4-F5 tephra layers investigated. A, C, E: TAS classification according to (Le Bas
et al., 1986). B, D, F: CaO/FeO vs. Cl diagrams show the different volcanic origins based on Giaccio et al. (2017b). G, H, I: SiO2 vs. K2O/Na2O
diagrams of the respective tephra layers. Error bars represent the twofold standard deviation of replicate analyses of ATHO-G.
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Volcanic sources of tephra layers

General compositional features of investigated tephra
layers

Tephra layers show the entire suite of rocks known from
peri-Tyrrhenianvolcanoes, but are dominated by tephri-
tic to phonolitic compositions (n = 17). Only one tephra
had a phonolitic-trachytic composition. Based on their
compositional differences and positionswithin theCaO/
FeO vs. Cl diagram, the tephra layers are discussed
according to their proposed volcanic source. The
majority of compositions suggest an origin from the
Roman volcanoes (Sabatini Volcanic District (SVD),
Vulsini Volcanic District (VVD), Colli Albani Volcanic
District (CAVD)), but there is also evidence of activity
from the Roccamonfinavolcano (RMF) (Fig. 3).

Sabatini volcanic district (SVD) tephra

TF-46 (modelled age 272.5�4.9 ka). – The composi-
tion of TF-46 reveals a tephritic and a phonotephritic
compositional group, with no intermediate composi-
tions in theSiO2rangebetween44.4and47.2 wt%.Mean
alkali ratios of tephrites are 1.7, whereas phonotephrites
are at 2.8. Both groups plot within the CaO/FeO vs. Cl
diagram in the field of the SVD.Major explosive activity
of the SVD in that time range is reported from the Pizzo
Prato (251.4�16.0 ka; Sottili et al. 2010) and Tufo
Giallo di Sacrofano (TGdS, 288.8�6.0 ka; Sottili
et al. 2010) eruptions, but chronological and composi-
tional variations preclude a firm correlation of TF-46
with either eruption (Fig. 4G–J). Interestingly, the less
evolved part of the initial phase of the TGdS eruption
(TGDS-1) does show a general similarity with TF-46
(Fig. 4), suggesting that TF-46 may represent a so far
undescribederuptionof theSVD.Atephra layer found in
the Val d’Agri in the Southern Apennines was dated at a
very similar age of 264.2�6.0 ka, but was related to the
ancient Seiano ignimbrites of the Neapolitan volcanoes
(D’Addezio et al. 2006).

TF-47/-48 (TF-47 modelled age 281.8�4.7 ka, TF-48
40Ar/39Ar age 289.3�4.8 ka). – TF-47 and TF-48 both
have a phonolitic to trachytic composition with high
alkali ratios (mean K2O/Na2O = 2.0). Along with their
position in the CaO/FeO vs. Cl diagram an origin from
the SVD is suggested. TF-48 has been 40Ar/39Ar dated at
289.3�4.8 ka, which is in good accordance with the age
of 288.8�6.0 ka of the TGdS eruption of the SVD
(Sottili et al. 2010). Both Fucino tephra overlap in their
composition with the main eruptive phase of the TGdS
(TGdS-2–4), but show awider range of CaO, FeO, TiO2,
MgO values (Fig. 4). However, based on the good
chronological match a correlation of TF-48 and the
TGdS is most likely. A correlation of TF-47 with the
Pizzo Prato eruption, known as the next younger major

eruptive event of the SVD, can be ruled out, as
geochemical compositions (Monaco et al. 2022a) and
their ages differ, even though the current age of the Pizzo
Prato eruption is imprecise (251.4�16.0 ka; Sottili
et al. 2010). Tephra TF-47 also differs from a tephra
originating from the SVD, which was found in the
sediment successions from Lake Ohrid (270.6�4.9 ka;
OH-DP-1175, PE-0294.8; Leicher et al. 2022; Wagner
et al. 2023) and can now be identified as a distal Pizzo
Prato equivalent based on the geochemical data from
Monaco et al. (2022a). Since TF-47 differs from the
general more silica undersaturated, foiditic composition
of theCAVD(Marra et al. 2003;Boari et al. 2009a), the
Castiglione maar succession (c. 285 ka; Marra
et al. 2003) is excluded as potential equivalent deposit
and TF-47 is interpreted to represent an unknown
eruption from the SVD.

TF-51 (modelled age 296.6�3.9 ka). – TF-51 has a
phonotephritic composition (with a relatively highmean
alkali ratio of 2.2 and plots mainly within the field of the
SVDwithin the CaO/FeO vs. Cl diagram (Fig. 3B). The
composition of TF-51 is similar to that of older SVD
products (TF-61, MRPF; Fig. 5C–H) from which
several minor eruptive events of similar age have been
reported. A phreatomagmatic surge of the Valle Santa
Maria crater was dated at 293.2�4.7 ka (Marra
et al. 2020a) and the Monte Aguzzo Scoria cone at
303.0�6.0 ka, but no glass geochemical analyses have
yet been conducted for either of these.

TF-56 (modelled age 308.5�2.8 ka). – Tephra TF-56
has a twofold composition with a phonotephritic to
tephriphonolitic and a phonolitic part with mean alkali
ratios of 1.4 and 1.8, respectively. The position in the
CaO/FeO vs. Cl diagram suggests an origin from the
SVD. The geochemical composition of TF-56 is similar
to tephra TF-62 (Fig. 5C–H), which is correlated with
theMaglianoRomano Plinian Fall (MRPF) eruption of
the SVD (313.5�1.4 ka; Leicher et al. 2022). However,
eruptive events of the Sacrofano caldera following
directly the MRPF have not yet been reported in
proximal settings (Sottili et al. 2010; Marra
et al. 2020a). From the Bracciano caldera, the age for
the Tufo di Bracciano eruption is constrained between
310.0�5.0 ka (Sottili et al. 2010) and 323.9�2.0 ka
(Pereira et al. 2017), but has not been investigated for
its geochemical composition. Therefore, the correlation
of TF-56 with a specific eruption of the SVD is still
pending at this point.

TF-61 (40Ar/39Ar age 313.3�1.0 ka). – TF-61 has a
lithological zonation with a blackish bottom unit of
tephritic glass composition and a greyish top unit
dominated by a phonotephritic to tephriphonolitic
composition. The majority of analyses of both units
show a dominating SVD-like composition with few
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analyses plotting in the field of theVVDof theCaO/FeO
vs. Cl diagram (Fig. 3). TF-61 was 40Ar/39Ar dated at
313.3�1.0 ka and is thus within the given age uncer-
tainties statistically synchronous with the directly
underlying TF-62 (313.5�1.4 ka, Table 1), which is
correlatedwith theMRPFeruption of the SVD (Leicher
et al. 2022). Redeposition of TF-62 can be excluded,
as TF-61 has different lithological and geochemical

properties with a distinct threefold zonation. TF-62 also
includes a dominating phonolitic composition, which is
not observed for TF-61, but their tephritic to tephri-
phonolitic compositions overlap (Fig. 5C–H). Based on
geochemical and chronological similarities TF-61
most likely represents a post-MRPF eruptive event,
which occurred less than a millennium after the main
eruption.
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Vulsini volcanic district (VVD) tephra

TF-59/-60 (modelled ages 311.7�2.3, 311.9�2.3 ka). –
Tephra layers TF-59 and TF-60 both have a -
phonotephritic-tephriphonolitic-trachyandesitic compo-
sition with mean alkali ratios of 2.4 and 2.2, respectively.
Based on the CaO/FeO vs. Cl diagram TF-59/-60 both
have a supposed origin from the VVD or Vico volcano
(Fig. 3D). For the Vico volcano no explosive activity at
that time is reported (Perini et al. 2004),whereas fromthe
VVD the Orvieto–Bagnoregio (WOB) is the main
eruption known for the time frame at c. 300–340 ka
(Marra et al. 2020b). The WOB eruption was identified
within the F4-F5 succession (TF-69; 331.5�2.2 ka) as
well as in proximal archives together with a series of post-
(322–329 ka) and pre- (c. 339 ka) eruptive events (Marra
et al. 2020b; Leicher et al. 2022).Averyminor 40Ar/39Ar
age population of c. 314�7 ka (CB4/5, n = 3) identified
within the proximal deposits (Marra et al. 2020b) sup-
ports that TF-59/-60 may represent minor, still unknown
eruptive events of the VVD.

Colli Albani volcanic (CAVD) tephra

TF-53 (modelled age 301.0�3.6 ka). – Tephra TF-53
has a dominantly foiditic-tephriphonolitic composition
with some minor phonolitic components and alkali
ratios between 0.7–1.5. TF-53 plots in both the SVDand
Roccamonfina fields (Fig. 3D), whereas foiditic compo-
sitions are rather known from the CAVD (Marra
et al. 2003; Boari et al. 2009a; Giaccio et al. 2013).
From the CAVD the crater forming event causing the
Castiglione maar succession has an estimated age of
c. 285 ka (Marra et al. 2003), thus beingmuchyounger.
Therefore, TF-53 is most likely related to the generic
explosive activity of the Faete phase leaving a precise
correlation to a specific eruption pending.

Roman tephra with mixed SVD/VVD compositions

Tephra layers TF-54, TF-57 and TF-58 have a compo-
sitional spectrum in the TAS diagram ranging from
tephrites to phonolites. This heterogeneous composition
is also expressed in their overlapping position within the
CaO/FeO vs. Cl diagram, occupying the fields of the
Roman volcanic districts Sabatini, Vulsini and Vico. In
addition to uncertainties concerning the precision of the
data themselves, the CaO/FeO ratio itself is less
distinctive for this compositional range, as also the data
defining the composition fields within the diagram
suggest a natural overlap in the composition of the three
Roman volcanoes.

For the Vico volcano only effusive products for the
time interval 305–258 ka are known (Perini et al. 2004),
and compositions related to older andyounger explosive
events are of more evolved character following a
phonolitic-trachytic-rhyolitic evolution (Pereira et al.

2020; Monaco et al. 2021, 2022a). The F4-F5 tephra
layers form two age groups 302 ka (TF-54) and 310–
312 ka (TF-57/TF-58), for which potential eruptive
equivalents of the SVD and VVD are discussed below.

TF-54 (modelled age 301.8�3.5 ka). – TF-54 has a
tephriphonolitic-phonotephritic compositionwith some
minor phonolitic components, and amean alkali ratio of
1.4. The position within the CaO/FeO vs. Cl diagram
plots both in the SVD and VVD fields, with a tendency
towards lower, VVD-like, CaO/FeO ratios. For TF-54 a
potential eruptive equivalent is the Case Pisello eruption
of the VVD, dated at 293.8�4.0 ka (Brocchini
et al. 2000).

TF-57/-58 (modelled ages 309.5�2.7, 310.5�2.6 ka). –
Tephra TF-57 has a tephritic-phonotephritic-
tephriphonolitic composition, whereas the composition
of TF-58 also includes phonolitic componentswithmean
alkali ratios of 1.6 and 1.9, respectively. Based on their
close position to the underlying MRPF deposits, these
tephra layers were tentatively related to the post volcanic
activitywithin the SVD, as nodated explosive activity has
been reported for the VVD so far (Marra et al. 2020b).
TF-58 is the thicker (7 cm) of the two tephra layers and
likely represents a major eruptive event. Similar to the
other SVD-like tephra layers (TF-56, -61) the specific
origin from within the SVD cannot fully be resolved at
present. Besides the geochemical and chronological
similarities to the MRPF, the ages of the Fucino tephra
layers overlap with the youngest age of the Tufo die
Bracciano eruption (310.0�5.0 ka; Sottili et al. 2010).
Indicationsof contemporaneousvolcanicactivityarealso
found in palaeo-surfaces from the Tyrrhenian coastal
area, where an unknown volcanic event is dated at
310.2�4.3 ka (KW-1;Marra et al. 2023).

Roccamonfina tephra

TF-55 (modelled age 303.6�3.4 ka). – TF-55 has a
phonolitic-trachytic composition with a low alkali ratio
(mean = 0.8) and low CaO values (mean = 1.0 wt%).
Its position within the CaO/FeO vs. Cl diagram plots is
in the field of Ischia; however, Ischia’s known volcanic
activity only dates back to 150 ka (Sbrana et al. 2018).
Glass compositions similar toTF-55 havebeen observed
for tephra layers TF-64 and TF-64a (c. 316 ka), which
are correlated with the volcanic products of the White
Trachytic Tuff (WTT) Unit D of the Roccamonfina
volcano (312.9�4.0 ka; Giannetti & De Casa 2000;
Leicher et al. 2022). The younger WTT Unit E has
besides its basal unit (UE) three distinct subunits (E1–3),
of which E1 was imprecisely dated in proximal deposits
between 301 and 310 ka (Giannetti & De Casa 2000)
and correlated with an ash layer of the Bojano basin
(312.1�5.0 ka; Amato et al. 2014; Leicher et al. 2022).
However, the compositionofE1 togetherwith that of the
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undated WTT units UE and E2 only partially overlap
with TF-55 (Fig. 6), as they have a generally more
evolved trachytic character. For the younger Unit E3
(301.5�8.0 ka) andUnit F (292.5�14.0 ka) of theWTT
no glass geochemical data are available, but these are the
best potential equivalents from a temporal perspective.
However, Ballini et al. (1991) described less evolved
compositions for the youngerWTTdeposits. This is also
observed for tephra layers found in the Lake Ohrid
succession (OH-DP-0997/-1055: c. 230–241 ka; Leicher
et al. 2019), which are related to the younger WTT

activity and are supposed to have similar compositions
to TF-55. Therefore, TF-55 most likely represents an
equivalent of the WTT series, whose exact correlation
with one of the subunits still needs to be verified.

The 250–315 ka explosive history of Italian
volcanism inferred from the Fucino record

The investigations of the volcanic sources of the tephra
layers identified in the F4-F5 site confirm the general
pattern of volcanic activityobserved in proximal settings
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with a dominating influence of the Roman volcanoes
(Fig. 7).Themajorityof tephra layers (n = 10)of theF4-
F5 succession likely originates from the SVD. Two of
those can be confidently correlated with known major
explosive events (Sottili et al. 2010, 2019) of the
Magliano Romano Plinian Fall (TF-62; Leicher
et al. 2022) and the Tufo Giallo di Sacrofano eruption
(TF-48). Directly above the tephra equivalent of the
MRPF eruption (TF-62), a cluster of four tephra layers
(TF-56/-57/-58/-61) suggest by the narrow time interval
of their depositionbetween308.5�2.8 and313.3�1.0 ka
and the similarities in their geochemical signature an

alignment with the post-MRPF volcanic activity. How-
ever, also a correlation of TF-58 with the Tufo di
Bracciano (TdB) is possible from a chronological
perspective, as the youngest age obtained for the TdB is
310.0�5.0 ka (Sottili et al. 2010). The TdB is a major
eruptive event with a widespread dispersal of a thick
pyroclastic succession (Sottili et al. 2010), forwhich two
clusters of ages exist (Sottili et al. 2010; Pereira
et al. 2017). The younger age cluster at 310.0�5.0 ka
(Sottili et al. 2010) ispotentially representedbyTF-58, a
7-cm-thick tephra representing a larger eruptive event,
whereas the older cluster at 319.1�6.0 to 323.9�2.0 ka
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(Sottili et al. 2010; Pereira et al. 2017) is tentatively
correlated with TF-65a (325.3�3.1 ka; Leicher
et al. 2022) from the F4-F5 succession. Nevertheless,
the cluster of tephra layers (TF-56/-57/-58/-61) suggest
that either the MRPF and/or the Tufo di Bracciano
eventswere followed by a series of eruptive events, which
lasted for at least five millennia. Even though geochem-
ical data sets of potential proximal equivalents are not
available for comparison yet, these findings suggest that
the known Strombolian and subordinately hydromag-
matic eruptions during the waning phases of the
Sacrofano and Bracciano calderas may have started
already at c. 313 ka and thus earlier as previously
suggested at c. 300 ka (Sottili et al. 2019). Another
volcanic event of the SVD identified in the Fucino
record, TF-51 (c. 297 ka), is potentially related to one of
theminorexplosiveeventsof theValleSantaMariaMaar
(293.2�4.7 ka; Marra et al. 2020a).

The Fucino TGdS equivalent, i.e. TF-48, is 40Ar/39Ar
dated at 289.3�4.8 ka, which represents a more precise
age compared to that obtained for proximal deposits
(288.8�6.0 ka;Sottili et al. 2010).Following theTF-48/
TGdS eruption two tephra layers (TF-47: 281.8�4.7 ka
and TF-46: 272.5�4.9 ka) of the SVD are identified,
which suggest a longer paucity and lower frequency of
post-TGdS activity compared to the post-MRPF activ-
ity. The composition of TF-47 is quite similar to that of
TF-48, which is also different compared to the post-
MRPF eruptions with low evolved compositions.

Another major eruptive event of the SVD, the Pizzo
Prato eruption (251.4�16.0 ka; Sottili et al. 2010), is
not foundwithin the Fucino sediment succession. It was
identified in the Lake Ohrid succession (OH-DP-1175),
with an older, but more precise age of 270.6�4.9 ka
(Leicher et al. 2021) according to the age model. As
Lake Ohrid is located >700 km apart from the SVD, the
lack of evidence in the F4-F5 record is surprising,
especiallybecause of thepresenceof thenumerousminor
SVD eruptions identified. Unfavourable preservation
conditions in the Fucino succession are unlikely, as TF-
46 is of similar age and related to the SVD. This may
suggest amore southern and curveddispersal axis for the
main Pizzo Prato phase. The different composition of
TF-46 comparedwith the composition of themain Pizzo
Prato event suggests it to represent either a different
phase of the eruption or a pre/post eruptive event.

Besides the previously identified Canino eruption
(TF-43: 253.4�0.8 ka; Monaco et al. 2022a), three

other tephra layers of the F4-F5 record are related to
the activity of the VVD. TF-59/-60 are undefined
eruptive events with an age of 311.7–311.9�2.2 ka,
which are potentially also recorded in the youngest age
cluster of CB4/5 in proximal deposits (Marra
et al. 2020a). Tephra TF-54 (301.8�3.5 ka) is tenta-
tively associated with the Case Pisello eruption, which
was dated at 293.8�4.0 ka (Brocchini et al. 2000). The
absence of furtherVVD-like tephra layers between c. 253
and 302 ka in the F4-F5 record confirms the lack of
major explosive events from the VVD during this period
observed in its direct vicinity (Brocchini et al. 2000;
Palladino et al. 2010; Marra et al. 2020b).

Tephra layer TF-53 (301.0�3.6 ka) was associated
with the explosive volcanic activity of the Delle Faete
phase (c. 250–308 ka; Marra et al. 2003) of the CAVD;
however, a correlation with a specific eruption is
pending.

Within the studied succession, only one tephra
indicates an origin from the Roccamonfina volcano.
Tephra TF-55 (303.6�3.4 ka) is associated with the
WhiteTrachyticTuff,buta robust correlationwithoneof
the subunits of WTT E or F is pending at present.
However, also for the older WTTequivalents, identified
in the section below (Leicher et al. 2022), a straightfor-
ward correlation with one of the proximal subunits was
challenging, indicating the need for further detailed
geochemical and chronostratigraphical investigations of
the proximal deposits.

The 250–315 ka Fucino record in the
tephrostratigraphical frameworkof the central
Mediterranean

So far, the central Mediterranean tephrostratigraphical
framework for the interval 250–315 ka was based on
fragmentary information from the Italian Peninsula.
Information derived from continuous stratigraphical
succession covering the entire intervalwas only provided
by distal archives, which may record only the most
widespread eruptions. At present, the Fucino F4-F5
record from central Italy provides the most detailed and
well-dated succession providing 20 volcanic events for
this interval (Fig. 7) and can act as a reference section to
improve correlations between different archives.

Mediterranean sedimentary archives forwhich tephra
layers within the investigated time frame have been
reported are the Italian SanGregorioMagno (Munno&

Fig. 8. Synthesis of proximal and distal information of the volcanic history of the Italian volcanoes and the resulting tephrostratigraphical
framework of the central Mediterranean region. All 40Ar/39Ar ages from literature were recalculated according to ACs at 1.1891 Ma (Niespolo
et al. 2017) and the totalKdecay constant ofRenne et al. (2011). See alsoTable 2 for references andages.The ages of tephra layers from the distal
records are based on archive specific age-depthmodels (Lourens 2004; Piva et al. 2008; Vakhrameeva et al. 2019; Leicher et al. 2021). Data for
the LR04 are based on Lisiecki &Raymo (2005) with theMIS substages of Railsback et al. (2015). XRF data of the Lake OhridDEEP site from
Wagner (2019). The column ‘Synthesis of Italian volcanic activity’ combines all information. If robust correlations of equivalent eruptive events
could be established and several ages were available, only the most reliable age is shown as discussed in the respective subsection.
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Petrosino 2007) andBojano basins (Amato et al. 2014),
outcrops along the Tiber river and its tributaries (Marra
et al. 2016, 2018, 2023), the marine records of KC01B/
ODP964A+B (Lourens 2004) and PRAD1-2 (Piva
et al. 2008), and the terrestrial records fromLakeOhrid
(Leicher et al. 2021) and Tenaghi Philippon (Vakhra-
meeva et al. 2019) (cf. Fig. 1A).A tephrostratigraphical
overview combining distal archives and near-vent
volcanic records is provided in Fig. 8.

The oldest tephra layers (S1–S4, Campanian or
Roccamonfina origin) found in the San Gregorio Magno
basin (Munno & Petrosino 2007) have an estimated age
between c. 241–263 ka (Ascione et al. 2013), but no
equivalent tephra could be recognized in the Fucino
record. Furthermore, the integration of 10 volcanic events
dated in the different outcrops of the Tiber valley and its
tributaries (Marra et al. 2016, 2018, 2023) can only be
conducted from a chronological perspective, since geo-
chemical data are not available. However, this would be of
particular interest as these deposits were used to recon-
struct sea-level changes (Marra et al. 2016, 2023) and thus
would provide tie points for the alignment with other
palaeoenvironmental records. Some of these tephra ages
overlapwith the (undefined) eruptions identifiedwithin the
F4-F5 record, such as the volcanoclastic deposits PdG-13
(247.3�3.9 ka; Marra et al. 2016) and R93-15H2
(252.2�8.0 ka; Marra et al. 2016) with the Canino
equivalent TF-43 (253.4�0.8 ka). Besides the identifica-
tion of the Pizzo Prato eruption in the Lake Ohrid
succession (OH-DP-1175; Leicher et al. 2019), it also
mightbe representedbyPdG-S4+R95-04B(268.3�3.8 ka;
Marra et al. 2016). AV-AF (277.0�1.6 ka; Marra
et al. 2016) has a similar age to that of the altered tephra
layers TF-46 and TF-47. The Tufo Giallo di Sacrofano
eruption (TF-48; 289.3�4.8 ka) was also identifiedwithin
the Roman area (R93-28: 289.7�2.0 ka; Karner &
Renne 1998; Marra et al. 2016). Tephra layers TF-51/-55
(297–302 ka) arise as potential equivalents of PdG-S19
(297.3�2.2 ka;Marra et al. 2016)andCdP(302.5�9.0 ka;
Marra et al. 2018).

In marine records, tephra layers I-19 (c. 270 ka,
potential Pizzo Prato) and I-20 (c. 313 ka, potential
MRPF) were described in cores from the Ionian Sea
(KC01B/ODP964A+B; Lourens 2004), but investiga-
tions for obtaining their geochemical composition were
not successful (Vakhrameeva et al. 2021). Further, two
tephra layers (PRAD5054: c. 290 ka and PRAD5233: c.
309 ka) identified in the PRAD1-2 record from the
Adriatic Sea (Piva et al. 2008) represent potential
equivalents from a chronological perspective of the
TGdS (TF-48) and the post-MRPFactivity identified in
the Fucino succession (TF-56-TF-61). From the Tena-
ghi Philippon peat record in Greece, at least five tephra
layers of Italian origin were identified between 289–
315 ka, but their compositions suggest an origin from
either the Neapolitan or Aeolian Arc volcanoes, thus
differing from the tephra layers of the Fucino record.

Conclusions

Lithological, geochemical and chronological character-
istics of 13 tephra layers identified in theMIS8/9 interval
of the Fucino F4-F5 sediment succession were investi-
gated aiming at assessing their volcanic sources. Single
crystal 40Ar/39Ar ages of four tephra layers set the basis
for a Bayesian age-depth model for the interval 250–
315 ka,which enabled indirect dating of the other tephra
layers within the succession through interpolation. The
investigation of this interval completes the tephrostrati-
graphical and tephrochronological investigations of
macroscopic tephra layers of the F4-F5 sediment
succession, which represents the first continuous and
most tephra rich sediment succession of the last 425 ka
within the centralMediterranean region. Identifying the
volcanic sources and, in some cases, the specific
equivalent eruptions or eruptive phases provides new
insights into the eruptive history of Italian volcanism.
This applies in particular to the major known eruptions
of the Sabatini and Vulsini volcanic districts of the
Roman Province and the Roccamonfina volcano.

The established tephrostratigraphy of the stratigra-
phically ordered Fucino succession represents a refer-
ence data set for reassessing the order and chronologyof
(minor) eruptive events not yet conclusively identified in
proximal settings. It is also a key section for the
subsequent extension of the central Mediterranean
tephrostratigraphical framework for this period, which
previously lacked a continuous sequence in close
proximity to the volcanic sources. Similar to the
tephrostratigraphical observations made for the F4-F5
record before, the amount of so far unidentified eruptive
events suggests the need for further detailed investiga-
tions of near-vent successions. This would help to
improve the geochemical and geochronological data
basis especially for eruptions of lower magnitude, but
highlights also the need for cryptotephra analysis of
distal records, to link the available archives.
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