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ABSTRACT

The central Apennines are among the most
seismically active sectors of the central Medi-
terranean region, as testified by the recent se-
quence of Mw >6 earthquakes (I’ Aquila Mw
6.3, 6 April 2009; Amatrice Mw 6.2, 24 Au-
gust 2016), that struck the region. Although
many recent studies have focused on the
recent history of the active and seismogenic
faults, due to the poor understanding on the
age of the fault-bounded intermontane ba-
sins and on the early stage of their continen-
tal deposition, less is known about the faults’
long-term behavior.

To try to fill this knowledge gap, we ana-
lyzed a long sediment core (230 m depth,
Castelnuovo 1 borehole; CN-1) recov-
ered from the infill of the Plio-Pleistocene
tectonically active IL’Aquila Basin (Pa-
ganica—San Demetrio—Castelnuovo [PSC]
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Sub-basin) by employing “’Ar/*Ar dating,
magnetostratigraphy, multiproxy paleocli-
matic data (palynological analyses, pollen
temperature index and clumped isotopes),
and astrocyclostratigraphy.

Combining the results from the CN-1
pollen record, “°Ar/*°Ar dating of a tephra
(1.77 £ 0.15 Ma), and magnetostratigraphy
of the CN-1 sediment core, we can refer the
longest normal polarity interval (N3) to the
Olduvai subchron, which we use to constrain
the CN-1 age model. Moreover, spectral
analysis of the CN-1 calcimetry data series
shows the presence of 13 obliquity-modu-
lated cycles, resulting in an age of ca. 1490
ka for the top of the core and an age of ca.
2027 Kka for its base. This time span encom-
passes Marine Isotopic Stages (MIS) 50-75.
The occurrence of lacustrine ostracod fauna
since the lowermost portion of the CN-1 core
points to the presence in the PSC Sub-basin,
already at 2 Ma, of a well-developed inter-
montane lake. Both pollen assemblages and
clumped isotopes show warm-to-cold climate
changes along the CN-1 sediment core, with
clumped-isotope—derived temperatures of
the lake waters of 15.4 = 1.6 °C (MIS 53) and
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11.5 £ 1.3 °C (MIS 52), whereas tempera-
tures of 21 £ 1.7 °C and 15.6 = 1.7 °C cor-
respond respectively to MIS 67 and MIS 64.

The PSC Sub-basin shows a complex sub-
surface architecture, with highs and dep-
ocenters showing maximum thickness of the
lacustrine deposits up to 510-450 m. Con-
sidering that the CN-1 age model points to a
sedimentation rate of 0.3 mm/yr for the deep
lacustrine deposits, the onset of the continen-
tal sedimentation in the I’Aquila intermon-
tane basin started at ca. 3.2-3.0 Ma.

This post-orogenic extensional domain
responsible for the onset and subsequent de-
velopment of the I’Aquila intermontane ba-
sin is still active, representing an archive of
~3 m.y. of continued crustal extension from
one of the most seismically active sectors of
the central Mediterranean region.

1. INTRODUCTION

Reconstructing the spatio-temporal evolu-
tion of fault systems in tectonically and seismi-
cally active areas is crucial for understanding
their long-term behavior and assessing related
hazards (e.g., Nicol et al., 2005; Liu and Stein,
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zone. Modified from Cosentino

2016; Manighetti et al., 2021; lezzi et al., 2023;
Arriga et al., 2024). The central Apennines are
among the most seismically active regions of
the Italian Peninsula. They have been intensely
investigated in terms of their seismic hazard, as
testified by the multitude of studies following the
recent L’ Aquila (6 April 2009, Mw = 6.3), Ama-
trice (24 August 2016, Mw = 6.2), and Norcia
(30 October 2016, Mw = 6.5) earthquakes (e.g.,
Falcucci et al., 2009; Galli et al., 2010; EMER-
GEO Working Group, 2010; Giaccio et al., 2012;
Falcucci et al., 2016; Lavecchia et al., 2016;
Scognamiglio et al., 2018; Brozzetti et al., 2019;
Cinti etal., 2019; Galli et al., 2019; Improta et al.,
2019; Puliti et al., 2020; Maraio et al., 2023).
While many of these studies focus on the very
recent history of the active and seismogenic fault
systems, the earliest stages and overall spatio-
temporal evolution of the extensional tectonic
regime, which is responsible for the current cen-
tral Apennine seismicity, are still poorly known.
The post-orogenic crustal extension in the cen-

tral Apennines is responsible for the develop-
ment of a series of extensional intermontane
basins along the axis of the chain (e.g., Tiberino,
Norcia, Leonessa, Rieti, L’ Aquila, Fucino, and
Sulmona basins; Fig. 1).

The long sedimentary successions hosted in
these tectonic basins offer a unique opportu-
nity to evaluate the timing of the activity and
slip rates of the fault systems that bound the
basins and controlled their evolution. The basin
sediments are also valuable archives of the
geological processes that occurred during the
transition from a compressional domain, with
the development of the central Apennine fold-
and-thrust belt, to an extensional crustal domain
responsible for the creation of today’s basin-and-
range topography (e.g., Cavinato and De Celles,
1999; Cosentino et al., 2017, Fellin et al., 2022;
Racano et al., 2024).

The age of the transition from compressional
to extensional deformation, which defines the
early-stage development of the central Apennine
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et al. (2017).

extensional intermontane basins, is not well con-
strained due to a lack of exposure of the oldest
basin deposits. The oldest well-dated extensional
intermontane basin in the central Apennines is
the Tiberino Basin (e.g., Barchi et al., 1991;
Basilici, 1997), where magnetostratigraphy,
pollen grains, and large mammal remains point
to a late Piacenzian age for its basal infill (e.g.,
Abbazzi et al., 1997; Pontini et al., 2002; Marti-
netto et al., 2014).

Climate cyclicity, as recorded in pollen and
other records, has been valuable to help con-
strain stratigraphic relationships in sedimen-
tary basins (e.g., Fischer, 1986; Hilgen, 1987,
1991; Schwarzacher, 2000; Suc and Popescu,
2005; Dubois et al., 2012; Soria et al., 2012;
Zhou et al., 2023). The late Neogene and Qua-
ternary environments of the Mediterranean area
were substantially influenced by global climate
changes, resulting in regional responses within
a dynamic interplay with tectonics. Conse-
quently, the Piacenzian—Calabrian continen-
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tal pollen sites of the central Apennines (e.g.,
Valle del Salto, Madonna della Strada [near
Scoppito], Pagliare di Sassa; Fig. 1) lack a con-
tinuous and well-calibrated record despite sig-
nificant evidence on both flora and vegetation
(e.g., Magri et al., 2010; Palombo et al., 2010;
Sadori et al., 2010). However, this interval is
well-documented in other well-calibrated con-
tinental (e.g., Upper Valdarno; Bertini, 2013)
and marine (e.g., Semaforo and Vrica, Crotone
Basin; Suc et al., 2010) pollen sites in Italy. The
clearly observable 41,000-year obliquity-forced
glacial/interglacial cycles since 2.6 Ma display a
prevalent (but not exclusive) alternation between
forest vegetation and open vegetation (including
steppes; Bertini, 2010; Magri et al., 2017; Ber-
tini and Combourieu-Nebout, 2023; and refer-
ences therein). Moreover, pollen records enable
us to track the gradual reduction and/or disap-
pearance of taxa (e.g., Taxodiaceae, Cathaya,
Tsuga, Cedrus, Carya, and Pterocarya), becom-
ing more pronounced from the Gelasian, influ-
enced by glacial/interglacial cycles. The timing
of plant disappearance events varies among sites,
depending on climate gradients associated with
latitude, altitude, and physiography. The sub-
tropical humid forest expanded extensively until
the Piacenzian, but progressively disappeared ca.
1.2 Ma. All previous events, indicating substan-
tial changes in flora composition and vegetation
structure, provide valuable insights for strati-
graphic correlations.
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Recently, detailed studies on the ostracod
assemblages from the Tiberino and L’ Aquila
basins (e.g., Spadi et al., 2016, 2018, 2019)
point to a synchronous (late Piacenzian, ca.
3 Ma) onset of sedimentation in almost all the
intermontane basins of the central Apennines
(e.g., Cosentino et al., 2017). The presence of
a Caspiocypris-bearing ostracod assemblage in
the lacustrine deposits of L’ Aquila Basin (San
Nicandro Formation; Spadi et al., 2016), which
points to a correlation with the Caspiocypris
species-flock identified in the late Piacenzian—
Gelasian of the Tiberino Basin (Spadi et al.,
2018), is until now the only temporal constraint
for the oldest synthem of L’ Aquila Basin. Unfor-
tunately, the basal infill of the L’ Aquila Basin,
which is usually covered by younger deposits,
lacks any other independent chronological con-
straints (e.g., radiometric dating, magnetostratig-
raphy, large mammal remains, paleoclimatic
proxies) to corroborate this correlation.

A different chronological argument to con-
strain the onset of deposition in L’ Aquila Basin
was suggested by Giaccio et al. (2012). Based
on the presence of some calc-alkaline tephra lay-
ers that potentially originated from the Cimini
Volcano, they proposed an age between 1.35 Ma
and 0.78 Ma for the top of the lacustrine suc-
cession (San Nicandro Formation). In addition,
assuming a sedimentation rate of 0.2 mm/yr for
the deep-lake sediments of the L’ Aquila Basin,
Giaccio et al. (2012) estimated a maximum age
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of ca. 1.8 Ma for the base of the San Nicandro
Formation, which should represent the age for
the onset of extensional tectonics in the central
Apennines.

An additional element of discussion concern-
ing the evolution of the L’ Aquila Basin are the
different views on the extent of the early Pleis-
tocene intermontane lake (e.g., Agostini et al.,
2012; Cosentino et al., 2017; Geurts et al.,
2020) and the different age of formation of the
L’ Aquila-Scoppito Sub-basin (ASB) and Pagan-
ica—San Demetrio—Castelnuovo (PSC) Sub-
basin (e.g., Cosentino et al., 2017; Tallini et al.,
2019; Bruno et al., 2022; Fig. 2). Although in the
past 10 years several subsurface investigations
(e.g., seismic reflection profiles and boreholes)
provided an unprecedented reconstruction of the
complex geometry of the L’ Aquila sedimentary
basin, which is a result of varying heights and
depocenters (e.g., Macri et al., 2016; Civico
et al., 2017; Cosentino et al., 2017; Tallini et al.,
2019; Bruno et al., 2022), the lack of precise
chronological constraints on the basal basin infill
prevented reaching a general consensus on their
age formation and, consequently, on the tectono-
sedimentary basin evolution.

With the aim of resolving these contrasting
results and reducing the existing uncertainties
about the age of the basin, and thus, by exten-
sion, of the onset of the current extensional
tectonic and seismic regime, we applied an
integrated multiple-dating approach, including

Figure 2. Map of the main active
normal faults of the L’Aquila
Basin. ASB—Aquila-Scoppito
Sub-basin; ASF—Assergi
fault; BFF—Bazzano-Fossa
fault; BPF—Barisciano—San
Pio fault; CIF—Campo Im-
peratore fault; MAV—Middle
Aterno Valley; MAVF—Middle
Aterno Valley fault system;
MMF—Monte Marine fault;
PSC—Paganica-San = Deme-
trio—Castelnuovo  Sub-basin;
PSDFS—Paganica-San Deme-
trio fault system; PTF—Monte
Pettino fault; SPF—Scoppito-
Preturo fault; UAV—Upper
Aterno Valley. Red stars indi-
cate the epicenter of the 2 Feb-
ruary 1703 Pizzoli earthquake
(Mw 6.67) and of the 6 April
2009 L’ Aquila earthquake (Mw
6.29). White boxes indicate the
position of Figures 3 and 19.
MDS—Madonna della Strada
Formation. Modified from
Cosentino et al. (2017).

-Min: 498 m

outcrop (a)
covered by
younger dep. (b]
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Figure 3. Geological map of the Castelnuovo area, with location of the CN-1 borehole. ATF—fluvial and alluvial deposits (Holocene);
CIP—Mesozoic inner carbonate-platform succession; COL—colluvial deposits (Holocene); CPB—talus deposits (upper Pleistocene);
CPE—Mesozoic carbonate-platform succession; CRP—Cenozoic carbonate-ramp/open-platform succession; LDS—Iandslide deposits
(Holocene); MNF—Madonna della Neve Formation; SNF—San Nicandro Formation; TLS—talus deposits (Holocene); VIF—Valle
dell’Inferno Formation; VOF—Valle Orsa Formation; VVF—Valle Valiano Formation. Modified from Nocentini et al. (2018).

YOAr/PAr dating, magnetostratigraphy, multi-
proxy paleoclimatic data, and astrocyclostratig-
raphy, to a long sediment core (Castelnuovo 1
borehole; CN-1) recovered from the L’ Aquila
Basin lacustrine succession.

Through defining the major depocentral
depths of the PSC Sub-basin, the results of this
multiple-dating approach on the CN-1 sediment
core allowed us to better constrain (1) the start-
ing age of the post-orogenic extensional tecton-
ics in the axial zone of the central Apennines of
Italy; (2) the formation of the tectonically con-
trolled intermontane basins, which hosted thick
continental successions; and (3) the end of the
ancient (late Pliocene—early Pleistocene) San
Nicandro Lake.

2. PREVIOUS STUDIES ON THE
TECTONICALLY ACTIVE I’AQUILA
BASIN

The L’Aquila Basin is a NW-SE—trending
extensional intermontane basin, one of the wid-
est in the central Apennines (Fig. 1). It is bor-

dered to NE by an active normal fault system,
on which the 6 April 2009 earthquake occurred
(EMERGEO Working Group, 2010; Scognami-
glio et al., 2010). This area is one of the most
seismically active sectors of the central Mediter-
ranean area (e.g., Amato et al., 1997; Bagh et al.,
2007, Falcucci et al., 2011; Vannoli et al., 2012).

Like many other intermontane basins of the
central Apennines, the tectonic evolution of the
L’ Aquila Basin is correlated with post-orogenic
tectonic phases, mainly characterized by the
onset of extension related to the opening of the
Tyrrhenian back-arc basin in response to east-
ward slab roll-back, and the orogenic collapse
of the Apennines (Dewey, 1988; Faccenna et al.,
1996, 2001; Cipollari et al., 1999; Funiciello
et al., 1999; Carminati and Doglioni, 2012;
Cosentino et al., 2010, 2017, Fellin et al., 2022).

Due to the different paleodepositional envi-
ronments of the continental Plio-Quaternary
filling and the fault systems affecting the basin,
L’ Aquila Basin has been divided into two sub-
basins, which are characterized by different
stratigraphic settings. The NW sector is rep-
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resented by the L’ Aquila-Scoppito Sub-basin
(ASB), whereas the SE area is defined by the
Paganica—San Demetrio—Castelnuovo (PSC)
Sub-basin (Fig. 2).

The ASB is a W-E-trending half graben bor-
dered to the north by the active Scoppito-Preturo
and the Pettino normal faults (Fig. 2; Vezzani
et al., 2009; Tallini et al., 2012; Storti et al.,
2013; Arriga et al., 2024). The stratigraphy of
the ASB has been studied principally by Bosi
(1989), Centamore and Dramis (2010), Man-
cini et al. (2012), and Cosentino et al. (2017).
According to Cosentino et al. (2017), the basal
basin fill at the northern margin of ASB, which
corresponds to the oldest continental deposits of
the L’ Aquila Basin (i.e., the Colle Cantaro—Cave
synthem, upper Pliocene; Centamore and Dra-
mis, 2010), shows wedge-shaped seismic facies,
which indicates a syn-rift stage.

In the post-rift stage, many unconformity
bounded stratigraphic units deposited within the
ASB, mainly in an alluvial plain depositional
environment, including the Madonna della
Strada synthem (upper lower Pleistocene), the
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Fosso di Genzano synthem (lower middle Pleis-
tocene), the Colle Macchione-L’ Aquila synthem
(upper middle Pleistocene), the Fosso Vetoio
synthem (lower upper Pleistocene), the Campo
di Pile synthem (middle upper Pleistocene),
and the Ponte Peschio synthem (upper upper
Pleistocene; Cosentino et al., 2017; Nocentini
et al., 2017).

The area examined in this study, where the
CN-1 sediment core was recovered, is within the
PSC Sub-basin (Fig. 3). It represents the south-
eastern portion of the L’ Aquila Basin, confined
between the southern foothills of the Gran Sasso
Range to the north and the Ocre Mounts ridge
to the south. To the NE, it is bounded by several
normal faults (Figs. 2 and 3): the Paganica—San
Demetrio fault system and the Barisciano—San
Pio fault system. Conversely, the SW flank shows
a more regular and rectilinear trend, defined by
the presence of the antithetic Bazzano-Fossa
fault (Falcucci et al., 2011, 2015; Galli et al.,
2011; Giaccio et al., 2012; Blumetti et al., 2013;
Storti et al., 2013; Santo et al., 2014).

Infilling continental deposits of the PSC
Sub-basin have been studied since early 1970s,
by Bosi and Bertini (1970), who identified the
“Valle Valiano” breccia deposits and “Fluvio-
lacustrine lower complex,” made up of differ-
ent formations showing heteropic relationships
among each other. They are characterized by
gravels, fluvial conglomerates, and lacustrine
silty deposits, among which is the “Limi calca-
rei di San Nicandro.” The older continental sedi-
ments date back to lower Pleistocene—?upper
Pliocene. Following the ratification of the new
Quaternary chronostratigraphy (Gibbard et al.,
2009), this age interval corresponds to Cal-
abrian—?Gelasian (early Pleistocene). Subse-
quently, during the middle Pleistocene, the depo-
sition of the “Fluvio-lacustrine upper complex”
occurred, followed by a stage mainly dominated
by fluvial and alluvial fan deposits, likely dur-
ing the late Pleistocene (Bosi and Bertini, 1970).

Bertini and Bosi (1993) suggested a new
stratigraphic framework of the Quaternary con-
tinental deposits of the PSC Sub-basin, recogniz-
ing five distinct sedimentary cycles: (1) “Ciclo
di Poggio Picenze,” defined by five stratigraphi-
cally related formations deposited in lacustrine-
to-marginal lacustrine environments, from slope
breccia deposits to silty lacustrine sediments,
and to fluvial gravels; (2) “Ciclo di Vall’Orsa,”
characterized by fluvial conglomerates showing
clinostratifications, related to a fan delta facies;
(3) “Ciclo di Valle dell’Inferno,” made up by
gravels and fluvial conglomerates with parallel
stratification; (4) “Ciclo di S. Giovanni,” which
is defined by alluvial fan sediments, made up of
sands and gravels; and (5) “Ciclo di S. Mauro,”
made up of stratified gravels and sandy silts to

silty sands deposits. Based on regional correla-
tion, the PSC Sub-basin continental succession
can be related to the temporal interval spanning
from the early Pleistocene to the middle Pleisto-
cene (Bertini and Bosi, 1993; Bosi et al., 2003).

Following these pioneering studies, many
other authors have tried to refine the strati-
graphic setting of the PSC Sub-basin fill depos-
its (Centamore et al., 2006; Galli et al., 2010;
Giaccio et al., 2012; Pucci et al., 2015; Spadi
et al., 2016; Nocentini et al., 2018; Cosentino
et al., 2019). The oldest deposits cropping out
in the PSC Sub-basin are related to a lacustrine
environment and pertain to the San Demetrio
synthem (Spadi et al., 2016).

A complete facies-tract, from deep lacustrine
sediments (e.g., San Nicandro Formation [SNF])
consisting of whitish calcareous silty deposits,
to subaerial slope deposits (e.g., Valle Valiano
Formation [VVF]) made up of alluvial fan and
slope debris, defines the upper Pliocene—lower
Pleistocene sedimentary succession of the PSC
Sub-basin (Spadi et al., 2016; Nocentini et al.,
2018; Cosentino et al., 2019). This facies-tract
includes lacustrine marginal breccia deposits
(e.g., Madonna della Neve Formation [MNF])
consisting of calcareous breccia with lacus-
trine whitish calcareous silty matrix, and well-
developed lacustrine delta and coastal facies
(e.g., Valle Orsa Formation [VOF]) containing
deltaic lacustrine conglomerates and carbonate
sandstones.

During the sedimentation of these post-rift
successions, the extensional tectonics that cre-
ated the L Aquila intermontane basin continued
to be episodically active, as evidenced by some
soft sediment deformation (possibly seismites)
affecting the stratigraphic successions of the
L’ Aquila Basin (e.g., Storti et al., 2013; Tallini
et al., 2019).

Although the continental deposits of the PSC
Sub-basin have been studied for a long time,
starting from the 1970s (e.g., Bosi and Ber-
tini, 1970), some elements of knowledge are
still lacking. The thickness of the basin filling
sequence has only been estimated from indirect
data, while the age of the basal deposits filling
the deepest depocenters is completely unknown.
Furthermore, nothing is known about how the
orbital forcings that determined the Quaternary
glacial/interglacial cyclicity impacted the depo-
sition of the San Nicandro lacustrine sediments.

3. MATERIAL AND METHODS

3.1. The PSC Sub-Basin and the
Castelnuovo 1 Sediment Core (CN-1)

The PSC Sub-basin, like the rest of the
L’ Aquila Basin, is characterized by a complex
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tectonic setting, consisting of structural highs
and lows (Fig. 2), which defines three main dep-
ocenters: Bagno, San Demetrio, and Castelnu-
ovo (Civico et al., 2017; Florio et al., 2021). The
CN-1 borehole was drilled at the northeastern
margin of the Castelnuovo depocenter, at the top
of the Castelnuovo Hill (864 meters above sea
level [masl]; 42°17'41.26"N, 13°37'45.20"E).
From the CN-1 borehole, a 230-m-long sedi-
ment core was recovered in October/November
2018. The core was stored at the core repository
of Consiglio Nazionale delle Ricerche—Istituto
di Geologia Ambientale e Geoingegneria (CNR-
IGAG, Montelibretti, Rome, Italy), where it was
subsequently cut in half lengthwise. On one of
the halves, sampling operations were carried out
for all the planned laboratory analyses (calcim-
etry, ostracods, diatoms, pollen, magnetostratig-
raphy, tephra, stable isotopes, and clumped
isotopes). The other half of the core was taken
to the Consiglio Nazionale delle Ricerche—Isti-
tuto di Scienze Marine (CNR-ISMAR) labora-
tories in Naples, Italy, where measurements of
the physical properties were carried out. Half
of the sediment core was sampled with various
resolutions for different analyses. A total of 4221
samples, 1 cm thick, were collected every 5 cm
for geochemical analyses. For magnetostratig-
raphy, 219 oriented samples were collected
every meter and labeled CNM; each sample was
split into two specimens to be processed with
thermal and alternating field (AF) demagnetiza-
tion. For palynological and ostracod analyses,
samples (respectively labeled CNP and CNO)
were taken, at the same level, every 50 cm, for a
total of 426 samples each. Moreover, each tephra
level was collected for mineralogical and geo-
chemical analyses.

3.2. Physical Property Measurements

Volume magnetic susceptibility and X-ray
fluorescence (XRF) measurements for all recov-
ered 223 m of fine-grained deposits were per-
formed. The parameters were measured continu-
ously at 2 cm intervals using a fully automated
GEOTEK Multi-Sensor Core Logger at the
CNR-ISMAR Petrophysical laboratory. All
223 m were measured in sequential core sections
and logged in a continuous process, graphically
displayed in real time on a computer. The vol-
ume magnetic susceptibility measurements were
performed throughout the Bartington Instrument
MS2 System furnished with a MS2EI point sen-
sor, which performs measurements with high
spatial resolution along split cores. The ex situ
XRF measurements were carried out using an
Olympus DP-6000 Delta XRF spectrometer (4
W X-ray tube with Rh anode, silicon drift detec-
tor, high count rate up to 300,000 cps). The core



was covered with thin plastic wrap to measure
light elements (i.e., Mg, Si) too. The XRF scan-
ning for elemental quantification (from Mg to U
detectable in ppm concentrations) was operated
at40 keV and 10 keV in a two-beam proprietary
configuration known as mining plus mode. Stan-
dardization of the instrument was accomplished
using the Innov-X “316” stainless steel alloy
clip. The calibration was made at the Olympus
factory using certified reference materials (i.e.,
Analytical Reference Materials International
and U.S. National Institute of Standards and
Technology). Scanning was conducted for 40 s
and 20 s per beams, for a total of 60 s per scan.
Reporting of each detected element includes the
individual elemental concentration, along with
individual elemental standard deviation, defined
as three times the standard error.

3.3. CaCO; Content (Calcimetry)

CaCO; values (Wt%) of 2008 samples, from
carbonate silts to silty clays and over-consoli-
dated grayish clays, were analyzed at a 10 cm
resolution along the whole stratigraphic record
of the Castelnuovo 1 borehole, starting from
—2.04m to —220.24 m depth. Calcimetric
analyses were carried out at the laboratory of
Paleoclimatology and Geoarchaeology of the
Dipartimento di Scienze della Terra, Pisa Uni-
versity, Italy, with a DeAstis calcimeter and at
Dipartimento di Scienze, Roma Tre University,
Italy, using a Dietrich-Fruhling calcimeter. In
both cases, wt% of CaCO; is calculated from the
volume of CO, released during digestion with
HC1 6N. Measurements are calibrated against
samples of pure CaCO;. The associated uncer-
tainty is 5% of the total weight.

3.4. Ostracod Analyses

Samples for ostracod analyses were disag-
gregated in a 5% H,0, solution, washed under
tap water on 0.066-mm and 0.125-mm mesh
sieve size, and dried in an oven. Ostracod speci-
mens were handpicked under a Leica S9D ste-
reomicroscope and identified following Spadi
et al. (2016).

3.5. Pollen Analysis

A total of 224 pollen samples were processed
following the standard chemical-physical proce-
dure at the Department of Earth Sciences, Uni-
versity of Florence, Florence, Italy. Dry samples
were first weighed (4.5-23 g), and one Lycopo-
dium tablet was then added to each sample to
provide pollen concentration. The procedure
also included treatments with 20% hydrochloric
acid (HCI), 48% hydrofluoric acid (HF), sodium
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hexametaphosphate [(NaPO;)4] and 10% potas-
sium hydroxide (KOH). Residues were sieved at
10 pm and then mounted in glycerine. Transmit-
ted light microscopy, with x1000 (oil immer-
sion) magnification, was used for pollen identi-
fication and counting.

Pollen analyses were summarized by the
curves of arboreal plants (AP) pollen percent-
ages, and the pollen temperature index, which
corresponds to the mesothermic arboreal taxa
(e.g., Quercus spp., Carpinus and Carya) versus
steppic taxa (Artemisia and Ephedra) ratio to
discriminate warm-temperate from cold phases
(e.g., Suc et al., 2010; Bertini et al., 2015).

3.6. Clumped Isotope Thermometry

The carbonate clumped isotope technique
(Eiler, 2007) is based on the thermodynamic
preference of two heavy, rare isotopes ('*C-'30)
to bind with each other within the mineral lat-
tice. The number of '¥C-'30 bonds in carbon-
ate, quantified as A,;, increases as temperature
decreases. The A,; value is thus a direct proxy
for the temperature at which the carbonate pre-
cipitated. Clumped paleothermometry has pri-
marily been applied to reconstruct paleoclimate
using marine carbonate (e.g., Peral et al., 2020;
Marchegiano and John, 2022; Agterhuis et al.,
2022; Meckler et al., 2022) and to a lesser extent
in continental archives such as speleothems
(e.g., Affek et al., 2008; Nehme et al., 2023;
Peral et al., 2024) and lake sediments (e.g., Hun-
tington et al., 2010; Grauel et al., 2016; Hud-
son et al., 2017; Yue et al., 2022; Marchegiano
et al., 2024a).

A total of five samples of authigenic lacustrine
carbonate were selected to perform A,; analy-
ses. The selection was based on the variation
of carbonate content throughout the record, as
determined by calcimetry analyses, most prob-
ably linked to paleoclimate/paleoenvironmental
changes. Scanning electron microscope analy-
ses were performed on the selected samples to
exclude the presence of allogenic carbonates. To
ensure homogeneity, samples were crushed into
a fine powder using an agate mortar. The A,
analyses were carried out at the Archaeology,
Environmental Changes and Geo-Chemistry
clumped isotope lab of the Vrije Universiteit
Brussel (VUB), Brussels, Belgium, using a Nu
Instruments Perspective-IS stable isotope ratio
mass spectrometer in conjunction with a Nu-
Carb carbonate sample preparation system, as
described in De Vleeschouwer et al. (2022). The
analyses were performed between October and
December 2021 during five sessions of measure-
ments. The carbonate powder reacted for 10 min
with 105% H;PO, at 70 °C. To ensure the con-
sistency of the analyses, each sample measure-
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ment was replicated between 6 and 10 times. The
Swiss Federal Institute of Technology, Zurich,
Switzerland (ETH) standards (Meckler et al.,
2014) were measured following the recommen-
dations of Kocken et al. (2019) with a sample-
to-standard ratio of 1:1. The carbonate standard
ETH-4 was systematically measured and com-
pared to InterCarb values (Bernasconi et al.,
2018, 2021) to ensure the measurements quality
control. Analyses and results were monitored
using the Easotope software (John and Bowen,
2016). The raw measured A,; values were pro-
cessed using the International Union of Pure and
Applied Chemistry (IUPAC) Brand’s isotopic
parameters (Brand et al., 2010; Da&ron et al.,
2016; Petersen et al., 2019) and converted to the
ICDES 90 °C scale, using the most recent val-
ues for the ETH-1, ETH-2, and ETH-3 carbon-
ate reference materials (Bernasconi et al., 2021)
within the ClumpyCrunch software (Daéron
et al., 2016; Daéron, 2021). Both analytical and
calibration uncertainties were propagated to cal-
culate the final uncertainties on temperatures.

3.7. Magnetostratigraphy

In the Castelnuovo borehole, we collected 216
handpicked blocks from different stratigraphic
levels of the core for paleomagnetic analyses.
From each block, two cubic twin specimens were
cut. The azimuth of the specimens is not defined,
as the borehole cores were not oriented in the
horizontal plane with respect to the geographic
north. Therefore, we used only paleomagnetic
inclination to define the magnetic polarity of the
sampled blocks.

Paleomagnetic analyses were carried out
at the paleomagnetic laboratory of the Istituto
Nazionale di Geofisica e Vulcanologia (INGYV,
Rome, Italy). The natural remanent magnetiza-
tion (NRM) of standard cubic specimens (10 cc)
was measured using a 2-G Enterprises supercon-
ducting rock magnetometer equipped with DC-
SQUID coils within a magnetically shielded
room. Specimens were subjected to progressive
stepwise demagnetization using both alternating
field (AF) and thermal procedures.

We applied a stepwise AF demagnetization to
one specimen from all sampled blocks, spanning
the whole borehole stratigraphic interval (218
specimens), using a set of three orthogonal AF
coils mounted in-line with the superconducting
rock magnetometer system, with 5-10 mT incre-
ments of the peak field up to 20 mT, followed
by 20 mT steps up to 100 mT. We applied step-
wise thermal demagnetization to 179 specimens
taken (from the top of the hole) between —3 m
and —30 m and between —61 m and —218 m, as
a further check for the magnetic signal defined
with the AF demagnetization procedure. Ther-
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mal demagnetization was carried out using
30-50 °C temperature increments until the
NRM decreased below the limit of instrument
sensitivity or random changes appeared in the
paleomagnetic directions.

The analysis of the demagnetization data was
carried out by using the DAIE software (Sagnotti,
2013), applying principal component analysis on
at least four consecutive demagnetization steps,
to determine the ChRM (characteristic remanent
magnetization) direction for each specimen, and
the maximum angular deviation (MAD) was
computed for each determined ChRM direction.

For specimens demagnetized by AF, we com-
puted the AGRM/ANRM ratio, which provides
a quantitative measure of the tendency to acquire
a spurious gyromagnetic remanent magnetiza-
tion (GRM) at high AF steps (Fu et al., 2008).
AGRM is computed as the difference between
the final intensity measured at the last applied
AF step and the intensity minimum value (MV)
measured during the whole AF treatment;
ANRM is the difference between the initial
NRM intensity and MV.

3.8. Tephra Analysis

Eight tephra layers were identified and col-
lected from the Castelnuovo lacustrine suc-
cession, six from the core CN-1 (CN-29.38,
CN-30.95, CN-60.40, CN-73.02, CN-104.37,
and CN-104.66; numbers following CN- iden-
tify the depth in m) and the other two (SNC-1
and SNC-2) from outcropping levels exposed in
the “il Faccione” section (Spadi et al., 2016) and
on the walls of a cellar in Castelnuovo village
(Figs. 4A—-4C and 5), respectively. Major and
minor element compositions acquired on glass
shards from the layers CN-29.38, from core
CN-1, and SNC-2 from outcrop, are herewith
reported, with the aim to support relationships
between sediments and tephra layers at sub-
surface and in outcrop, and thus to use mutual
information deriving from both contexts (Fig. 4).

The analyses were carried out at the CNR-
IGAG using a Cameca SX50 electron micro-
probe equipped with five wavelength dispersive
spectrometers. Operating conditions were set to
15 kV accelerating voltage; 15 nA beam cur-
rent; 10—15 pm beam diameter; 20 s per element
counting time; Wollastonite (Si and Ca), corun-
dum (Al), diopside (Mg), andradite (Fe), rutile
(Ti), orthoclase (K), jadeite (Na), phlogopite (F),
potassium chloride (Cl), barite (S), and metals
(Mn) were used as standards. The Ti content was
corrected for the overlap of Ti-Ka peaks. To eval-
uate accuracy and precision three international
secondary standards (Kakanui augite and rhyolite
RLS132 glasses from the U.S. Geological Sur-
vey) were measured prior of each analytic run.

3.9. “YAr/¥Ar Geochronology

The new “°Ar/*Ar ages reported herein
were obtained via small-population multi-grain
analyses of phenocrystic plagioclase from a
fine-grained, vitric (almost aphyric) tephra
sample (SNC-2). The plagioclase phenocryst
separates were obtained by standard mineral
separation techniques: hand-crushing, concen-
tration of feldspars using a Frantz Isodynamic
separator, washing in distilled water and dilute
HCI, followed by hand-picking under a polar-
izing binocular microscope. The maximum
grain size available in the sample was obtained
and used in the analyses (200-300 pm). The
separate was irradiated in the Cadmium-Lined
On-Periphery Irradiation Tube (CLOPIT) of
the Oregon State University TRIGA reac-
tor for 0.83 h. Sanidine phenocrysts from the
Alder Creek Rhyolite of California (orbitally
referenced age = 1.1848 £ 0.0006 Ma; Nie-
spolo et al., 2017) were used as the flux moni-
tor. Reactor-induced isotopic production
ratios for these irradiations were (3°Ar/3’Ar)
Ca=12.65+0.02 x 1074  (3%Ar/?"Ar)
Ca=1.96 £ 0.08 x 1073; (PAr/*’Ar) Ca = 6.9
5+0.09 x 1074 (Ar/PAr) K =224 £ 0.16
x 1074 (33Ar/*Ar) K = 1.220 4 0.003 x 1072,
and (**Ar/°Ar) K=2.5+0.9 x 10~*. Atmo-
spheric “°Ar/*°Ar = 298.56 + 0.31 (Lee et al.,
2006) and decay constants were according to
Min et al. (2000). All analyses were performed at
the Berkeley Geochronology Center, Berkeley,
California, USA, on a Nu Instruments Noblesse
noble-gas mass spectrometer employing a
high-efficiency ionization source, simultaneous
multi-isotope measurement, and all ion-counting
detectors.

Following several weeks of radiological
“cooling” after irradiation, the feldspars were
analyzed in small aliquots (~5-6 crystals) by
the “°Ar/*Ar technique using two laser-heating
methods, multi-crystal total fusion (MCTF) and
multi-crystal incremental heating (MCIH). In
the MCTF technique, the feldspar population
was exposed under ultra-high vacuum to a dif-
fuse laser beam at low power to drive off surficial
gasses, then fused and analyzed with a focused
beam in a single step. Four MCTF analyses
were performed (Table S1 in the Supplemental
Materiall).

Supplemental Material. Multi-crystal total
fusion and incremental heating data tables, clumped
carbonate isotope analyses data, major element
composition of SNC-2 tephra, sediment core figures,
demagnetization plots, and calcimetry data series
periodograms and frequencies. Please visit https://
doi.org/10.1130/GSAB.S.29944145 to access the
supplemental material; contact editing@geosociety
.org with any questions.
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In the MCIH technique, the phenocryst popu-
lation was incrementally heated in 4-8 steps at
progressively increasing power to fusion, to bet-
ter examine the argon systematics of the material
(consistency of release patterns in terms of age,
radiogenic content, and chemical composition),
more effectively drive off surficial and trapped
atmospheric contamination, and maintain fairly
consistent gas yields. A total of 23 MCIH analy-
ses on four small-population batches of pheno-
crysts were performed (Table S2).

3.10. Cyclostratigraphy and Age Modeling

Spectral analysis has been shown to be a use-
ful statistical tool in analyzing climatic records
to determine periodic or quasi-periodic charac-
teristics. Spectral analysis of CaCO; percentages
have been performed to identify and quantify the
influence of orbital periodicities in the sedimen-
tation history of the PSC Sub-basin succession.

The Castelnuovo deep borehole spectral anal-
ysis was carried out on calcimetry data along
all the sediment core. For the data processing,
the Acycle software, an open-source software
designed for time series analysis in paleocli-
mate research, was used (Li et al., 2019). The
identification of potential astronomical signals
in the calcimetric record involved a sequence
of steps. The first was checking the presence
of possible empty values or averaging multiple
values assigned to the same depth. Second, the
series was interpolated with a constant 10 cm
sampling interval. Then, to remove long-term
trends, detrending was applied to ensure that
data variability oscillates around a mean of zero.

We applied the LOWESS (locally weighted
scatterplot smoothing) detrending method, with
a smoothing window that is 35% of the total
length of the data series (standard value). The
result is detrended data, situated along the zero
mean, with a 76.37 m LOWESS trend removed.
Subsequently, the detrended time series under-
went power spectral analysis to detect and rec-
ognize periodic or quasi-periodic components
in the dataset (Weedon, 2003), which are rep-
resented through a periodogram in the form of
spectral density peaks related to specific domi-
nant frequencies.

The power spectrum can be evaluated with
various nonparametric or parametric approaches;
hence, according to our time series, the multi-
taper method estimator has been used, because
it represents an optimal trade-off between fre-
quency resolution and statistical confidence for
uniformly spaced time series (Thomson, 1982).
Furthermore, we settled on a conventional AR(1)
(autoregressive) modeling option, which allowed
us to display the red-noise fit to the spectrum
with 90%, 95%, 99%, and 99.9% confidence
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Figure 4. (A) Geological profile crossing the Castelnuovo Hill where the CN-1 borehole was drilled. The figure also shows the cellar from
which the SNC-2 tephra, dated by the ¥Ar/*°Ar method, was sampled. ACF—Argille di Castelnuovo Formation; MNF—Madonna della
Neve Formation; SNF—San Nicandro Formation; VOF—Valle Orsa Formation. (B) Cellar walls and ceiling showing the location of the
SNC-2 tephra layer within the white calcareous silts of the San Nicandro Formation (SNF). (C) Close-up of the SNC-2 tephra layer. (D,
E) Scanning electron microscope images showing texture and mineralogy of the SNC-2 tephra layer. pl—plagioclase; qz—quartz; kf—K-
feldspar; px—pyroxene; gl—glass shard.
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and/or
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Figure 5. Stratigraphy of the
CN-1 borehole with indica-
tions of paleoenvironments,
depositional trends, and tec-
tonic subsidence and uplift.
MNF—Madonna della Neve
Formation; ACF—Argille
di Castelnuovo Formation;
SNF—San Nicandro Forma-
tion, VOF—Valle Orsa For-
mation; CSU—coarsening and
shallowing upward; ts—trans-
gressive surface; mfs—maxi-
mum flooding surface.



limits that are based on the best fit to the power
of the median-smoothed background spectrum.

Afterward, the detrended calcimetry series
was analyzed on an evolutionary fast Fourier
transform spectrogram to inspect how major
frequencies evolve across stratigraphic intervals.
Wavelet transform analysis was used to analyze
localized variations of power within our time
series. By decomposing the time series into time-
frequency space, we were able to determine both
the dominant modes of variability and how those
modes vary in time (Torrence and Compo, 1998).

Finally, filtering allowed us to isolate specific
frequency components, which have been used to
build an age model, defining the orbital forcing
we expect to be related to that specific frequency,
and then, through the obtained age model, set the
tuned data in the time domain.

4. RESULTS
4.1. Lithostratigraphy

The CN-1 borehole, located at the top of the
Castelnuovo Hill (Fig. 3), reached a depth of
230 m below ground level. Pictures from the
recovered CN-1 sediment core have been added
in the Supplemental Material (Figs. S1-S10). In
this section, we first describe the sediment core
and then define the formations it cuts through.

The upper part of the well-log matches the
outcropping succession of the Castelnuovo Hill
(Figs. 4 and 5), where the boundary between the
SNF and the VOF crops out (Nocentini et al.,
2018; Fig. 3). CN-1 drilled 1 m of gravel/con-
glomerate of the VOF before penetrating the SNF
(Spadi et al., 2016; Nocentini et al., 2018), which
is defined by cyclic alternations of white calcare-
ous silts and light-gray clayey-silts couplets, often
separated by a thin oxidized silty-sandy layer.

Between —71.60 m and —118.80 m clayey
levels start, becoming more abundant and thicker,
while organic-rich clay levels appear (Fig. 5).
From —118.80 m to —154.70 m, calcareous silty
levels become occasional and thin, in favor of
laminated, over-consolidated, organic-rich clays,
which are predominant (Fig. 5). From —154.70 m
to —194.80 m, the succession is formed by alter-
nations of clayey-silts and laminated whitish
calcareous silts, while down to —220.30 m, it
is composed of alternations of clays, marls, and
clayey-gravels, with coarser sediments becom-
ing more and more frequent. Below —220.30 m
down to the bottom (—230.00 m), fine-grained
deposits almost disappear, passing to coarse
polygenic gravels and calcareous breccias with
rare clayey-silty layers (Fig. 5).

The CN-1 sediment core shows clear cyclici-
ties in color changes, from white, light- and
dark-gray, to black (Figs. S1 and S2). These
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changes occur with several periodicities, from
millimeter-scale to multi-meter-scale. In some
intervals of the sediment core, varved-like sedi-
ments occur (Figs. S1, S2, and S3), and single
outsized (centimeter-scale) carbonate clasts
(“lone-stones” of Frakes and Francis, 1988) have
been found in the fine-grained deposits of both
the SNF and Argille di Castelnuovo Formation
(ACF; Figs. S4, S5, and S6). These clasts can
be interpreted as “dropstones,” as defined by
Bennett et al. (1996), which may form either by
deposition from a raft or as a projectile.

The stratigraphic succession drilled by
the CN-1 borehole can be partly linked to the
stratigraphic units known in outcrop in the PSC
Sub-basin, such as the VOF conglomerates,
intersected in the first meter of the borehole,
the SNF, which was intersected from —1 m to
—71.60 m (Fig. S7), and the MNF polygenic
breccias, which crop out close to the Castelnu-
ovo Hill, crossed from —220.30 m to the bottom
of the borehole.

Between the SNF and the MNF, the borehole
drilled, from top to bottom, gray clays with
organic-rich clay levels, laminated over-consol-
idated organic rich clays, clayey silts and lami-
nated whitish calcareous silts with thin sandy
levels (Fig. S8), clays, marls, and clayey-gravels
with coarser sediments becoming more frequent
with depth (Figs. S9 and S10).

These predominantly clayey lithologies are
not known in outcrop in all of the L’ Aquila Basin,
but have been encountered in a borehole to the
SE of Castelnuovo Hill (CN2 in Spadi et al.,
2022). From a lithostratigraphic point of view,
the predominantly clayey lithologies encoun-
tered between —71.60 m and —220.30 m differ
from both the overlying SNF, which is charac-
terized by white calcareous silts, and the under-
lying polygenic breccias of the MNF (Fig. 5).
For this reason, it is necessary to define a new
formational unit, between the SNF and the MNF,
which consists mainly of clay lithofacies, which
we here refer to as the Argille di Castelnuovo
Formation (ACF; Fig. 4). In the CN-1 borehole
the ACF shows a thickness of ~149 m.

4.2. Petrophysical Results

All magnetic susceptibility (MS), iron (Fe)
and sulfur (S) contents were measured on a
centimeter scale, to obtain high-resolution
stratigraphic curves to better understand the
variations of magnetic minerals along the cores
(Fig. 6). The MS and Fe variation logs (Figs. 6A
and 6B) show values from —15 x 10-> SI to
162.7 x 103 SI (mean 1.7 x 10=> SI) and
from O ppm to 77,498 ppm (mean 2164 ppm),
respectively. Both datasets are dominated by
oscillating patterns around the mean values and
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show, together with the S log (from O ppm to
86,788 ppm, mean 869.5 ppm; Fig. 6C), clear
peaks and rapid variations along the sedi-
ment core.

All three parameters, moving from the SNF
down to the ACF, show drastic variations in
intensity values at approximately —80 m. Thus,
the parameter trends are described separately
in the intervals from 0 m to —80.0 m and from
—80.0mto —218 m.

4.2.1. Interval from 0 m to —80 m

The MS values, excluding the maximum MS
value of 162.7 x 10-3 SI corresponding to the
tephra layer recognized at 29.38 m, range from
—15 x 1075 SI to 68.6 x 103 SI with an aver-
age value of —2.2 x 107> SI. The Fe curve varies
from O ppm to 12,392 ppm (average 796 ppm).
S is not present along the sediment core down
to —50 m, while only a few peaks, the highest
of which is of 8670 ppm at —51.24 m, appear in
the remaining part of the core.

4.2.2. Interval from —80 m to —218 m

A general increase in the intensity values of all
petrophysical logs is observed, in particular MS
varies from —15.5 x 103 SI'to —132.5 x 1073
SI (mean 4.0 x 1073 SI), Fe values range from
0 ppm to 77,498 ppm, with a mean of 3010 ppm,
and S varies from 0 ppm to 86,788 ppm, with a
mean of 1368 ppm. In this section of the sedi-
ment core, the highest values of Fe and S are
found in two intervals, characterized by silici-
clastic clay rich in organic matter, from —80 m
to —90 m and from —190 m to —218 m. In the
first interval, in particular, both Fe and S show
average values, 9468 ppm and 14,442 ppm, well
above the sediment core averages (3010 ppm
and 1368 ppm), respectively. A different situ-
ation is observed in the interval from —118 m
down to —150 m, where laminated, over-consol-
idated, dark, and organic-rich siliciclastic clays
predominate. The facies of sediments in this case
suggests probably anoxic depositional environ-
ments, as confirmed by the drastic decrease in
carbonate input (from 10% to 3%) and by the
increase in average Fe of ~50% compared to the
average of the section (4608 ppm and 3010 ppm,
respectively).

4.3. Calcimetry (CaCOj; Content)

Carbonate mostly occurs as lacustrine authi-
genic calcite, linked to the deposition of calcite
through picoplankton activity, and as accumu-
lation of autochthonous ostracod carbonate
shells, in minor proportion. The CaCO; record
displays marked and periodic oscillation, hav-
ing different amplitude and average values along
the core (Fig. 6D). From —2.04 m to ~—50 m,
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Figure 6. (A) Magnetic susceptibility (MS), (B) iron (Fe), and (C) sulfur (S) variation curves. Black stars indicate higher values in the three
records: 162.7 SI x 10-5, 86,788 ppm, and 77,498 ppm, respectively. (D) Raw calcimetry data measured from the CN-1 sediment core. (E, F)
Fluctuations, along the CN-1 sediment core, in the records of mesothermic arboreal pollen taxa opposed to those of steppic and semi-desert
taxa, expressed by both the pollen temperature index (PTI) ratio (E) and the AP/AP + NAP (arboreal plants, non-arboreal plants) percent-
ages (F). MNF—Madonna della Neve Formation; SNF—San Nicandro Formation; VOF—Valle Orsa Formation.

the CaCO; content cyclically ranges between
95% and 45%, with an average value of ~75%.
Between —50 m and —118 m, the CaCOj; con-
tent displays more intense cyclic variations,
ranging from almost 100% down to 20%, and
slightly decreased average values (~65%).
Between —118 m and —129 m, the CaCO; con-
tent reaches the lowest values, ranging between
10% and 3%. From —118 m to —220 m, the sig-
nal shows again a prominent cyclic pattern, with
CaCO; content between 15% and almost 90%
and an average value of ~50% that decreases
to ~30% in the bottom section (~—198 m to

—220 m). Overall, the CaCOj; content shows a
long-term decreasing trend moving downward
in the CN-1 sediment core.

4.4. Ostracod Analyses

The ostracod analyses are still very prelimi-
nary, since only 82 samples out of the collected
426 were studied. In particular, only the top-
most 30-m-thick calcareous silts (SNF) (from
—2.19m to —31.69 m, 60 samples in total)
and the lowermost 11-m-thick silty-clays sedi-
ments of the core (ACF; from —209.59 m to
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—220.24 m, 22 samples in total) were analyzed.
Unfortunately, in both intervals the ostracod
valves were often fragmented, and only a few of
them in each sample were identified at the spe-
cies level. Thus, it was not possible to perform
quantitative analyses.

In the upper portion of the core (SNF), the
CNO 1 sample at —2.19 m was sterile and 31
scattered samples bore only fragmented valves,
but in the remaining 29 samples, several adult
and juvenile valves occurred. Six ostracod spe-
cies were identified in the upper portion of the
core: Caspiocypris nicandroi and Caspiocypris



vestinae, which were dominant, accompanied by
subordinate Caspiocypris amiterni and Caspio-
cypris bosii, while Cypria bikeratia and Ilyocy-
pris ilae were scarce, occurring in only one or
two samples. Almost all the species were already
known from the SNF cropping out in the sur-
roundings, except for Ilyocypris ilae, which was
reported only from the younger VOF (Spadi
etal., 2016). It is worthwhile to note that C. amit-
erni was absent from —8.15 m to —10.64 m and
—11.54 m to —15.19 m, whereas both C. amit-
erni and C. bosii were absent from —17.59 m to
—25.34 m.

Samples from the lowermost portion of the
core (ACF) bore very few ostracod valves,
mainly broken and thus not recognizable taxo-
nomically. Only in samples between —209.59 m
and —211.69 m it was possible to observe a few
adult and juvenile valves of C. nicandroi and a
broken specimen of C. cf. C. bikeratia.

4.5. Pollen Analysis

The pollen flora consists of 110 taxa. Total
pollen concentration ranges between 115 and
429,174 grains per gram of dry sediment. Pinus
concentration ranges between 4 and nearly
91,265 grains per gram of dry sediment. Pollen
assemblages mainly include taxa with a modern-
day wide distribution in South Europe and North
Africa. Taxa today with an extra-Mediterranean
distribution such as Taxodium-Glyptostrobus
type are present but in low abundance in the
lowest portion, and they are discontinuous and
scanty in the middle to uppermost portion.

Among the arboreal plants (AP), Tsuga and
especially Carya are more abundant and con-
tinuous; other taxa today restricted in some
geographical sectors of the Mediterranean area
(such as Liquidambar and Zelkova), are sub-
ordinate. Deciduous oaks (Quercus) dominate
the temperate broad-leaved forest assemblages
whereas the Mediterranean sclerophyll group
with scanty pollen grains of evergreen oaks
and Olea are subordinate. Among the mid- to
high-altitude coniferous forest taxa, Cedrus
is especially abundant followed by Abies and
Picea. Common non-arboreal plants (NAP)
include Asteraceae (including Artemisia), Poa-
ceae, Amaranthaceae and Ephedra, followed by
Plantago.

Fluctuations in the records of mesothermic
arboreal pollen taxa opposed to those of step-
pic and semi-desert taxa are expressed by both
the pollen temperature index ratio (Fig. 6E)
and the AP/AP + NAP percentages (Fig. 6F);
this allows for the recognition of different cli-
mate conditions, according to glacial-intergla-
cial cycles as well as stadials and interstadials
(Figs. 6E and 6F).
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4.6. Clumped Isotopes

Clumped isotope analyses were performed on
authigenic carbonate mainly derived from pico-
plankton activity, to infer the lake-water temper-
ature variations. Unfortunately, it has been not
possible to analyze ostracod carbonate shells, as
recently proposed by Marchegiano et al. (2024a,
2024b), due to the scarce number of ostracods
recovered along the sediment core. We analyzed
five carbonate samples collected from differ-
ent depths along the sediment core: 14.04 m,
19.69 m, 28.14 m, 86.04 m, and 108.84 m.

The A,; values of the authigenic carbonate
samples range from 0.6058 to 0.6374 with a
standard error (1SE) from 0.0084%0 to 0.0101%o
(Table S3). The number of replicates per sample
ensures the robustness of the results. The repeat-
ability along the five sessions of the standards
used to standardize the results and the carbon-
ate samples is 23.6 ppm and 23.9 ppm, respec-
tively. The ETH-4 standard, used to ensure and
control the quality of the analyses, presents a
A, value of 0.4496 (in Bernasconi et al., 2021,
ETH-4 value is 0.4505 4 0.0018) and 0.0044
1SE for 94 replicates (Table S3). The lake-water
clumped-isotope—derived temperatures (A,;-
T) of the five analyzed authigenic carbonate
samples are, from top to bottom, 11.5 £ 1.3 °C,
154 +1.6 °C, 11.3+ 1.8 °C, 15.6 = 1.7 °C,
and 21 4 1.7 °C (Table S3).

4.7. Magnetostratigraphy

The stratigraphic trends of selected paleo-
magnetic and rock magnetic parameters are
shown in Figure 7. In particular, Figures 7A
and 7B show the characteristic remanent
magnetization (ChRM) inclination values
for AF and thermal demagnetization, respec-
tively. AGRM/ANRM values determined
from AF demagnetization are shown in Fig-
ure 7C, whereas the maximum unblocking
temperature (Tub) estimated from thermal
demagnetization is shown in Figure 7D. The
filtered ChRM inclination data for specimens
with AGRM/ANRM values <0.1 and Tub
>400 °C are shown in Figure 7E. Finally, Fig-
ure 7F shows the resulting magnetic zonation
for the CN-1 sediment core.

4.7.1. Paleomagnetism

The demagnetization diagrams indicate sta-
ble palacomagnetic behavior for most of the
specimens throughout the CN-1 sediment core
(Fig. S11). For all the measured specimens, a
ChRM was determined by principal component
analysis by fitting a linear component between
5-10 mT and 50-60 mT for the specimens
demagnetized by AF and between 120-180 °C
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and 400-580 °C for the specimens thermally
demagnetized.

Since the core was not azimuthally oriented,
the magnetic polarity of the specimens was
deduced by the paleomagnetic inclination. The
analyzed specimens allow a clear recognition of
both normal (Figs. S11b and S11e) and reverse
(Figs. S1la and S1lc) polarity throughout the
core, as indicated by downward and upward
ChRM inclination, respectively.

The demagnetization data indicate a variable
magnetic mineralogy throughout the core. For
specimens subjected to AF demagnetization, the
acquisition of a GRM during AF demagnetiza-
tion in AF peaks higher than 40-60 mT is virtu-
ally absent for all the specimens in the uppermost
85 m of the core, whereas it was significant for
many specimens below —85 m (Fig. 7C). The
AGRM/ANRM values are often higher than 1
for these specimens (e.g., Fig. S11f) and show
a maximum peak of 30 measured at —203 m
depth. One hundred specimens out of a total of
214 specimens subjected to AF demagnetiza-
tion show AGRM/ANRM values <O0.1. Fifty-
six specimens out of a total of 180 specimens
subjected to stepwise thermal demagnetization
show a maximum unblocking temperature (Tub)
lower than 400 °C (Fig. 7D).

4.7.2. Magnetic Zonation

For most of the specimens, the combina-
tion of median destructive field values in the
range 20-30 mT, the absence of a significant
GRM acquisition during AF demagnetiza-
tion, and maximum unblocking temperature
(Tub) between 400 °C and 580 °C during
thermal demagnetization (Fig. 7B) indicate
that magnetite is the main magnetic mineral.
The combination of a Tub lower than 400 °C,
a median destructive field higher than 40
mT, and a significant acquisition of a GRM
at high AF demagnetization steps are typi-
cal proxies for the occurrence of greigite as
a main remanence carrier (e.g., Sagnotti and
Winkler, 1999).

The stratigraphic trends of selected rock mag-
netic parameters (Figs. 7C and 7D) indicate that
magnetite and greigite occur in variable propor-
tions throughout the sediment core. The strati-
graphic trend of the inclination of the ChRM
determined from AF and thermal demagnetiza-
tion, as shown in Figures 7A and 7B, is gener-
ally consistent throughout the core, with some
significant exceptions related to the presence of
greigite as a main magnetic carrier, as discussed
in the following paragraph.

The application of a filter that discards results
from specimens characterized by a predominant
occurrence of greigite, as indicated by a signifi-
cant GRM acquisition during the AF treatment
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(i.e., AGRM/ANRM values > 0.1) and by a
Tub lower than 400 °C during thermal demag-
netization, improves the consistency of ChRM
inclination data obtained with the two demag-
netization methods (Fig. 7E). Greigite, in fact,
is a diagenetic mineral, which can form either
as a syn-sedimentary phase or during any later
time because of fluid migration and non-steady-
state diagenesis (i.e., Roberts and Weaver, 2005;
Sagnotti, 2007), and its presence may hamper
the reconstruction of a reliable magnetostratig-
raphy (e.g., Sagnotti et al., 2010).

The filtered ChRM inclination trend (Fig. 7E)
allows the identification of six clear magne-
tozones, indicated as N1 to R3 in Figure 7F.
Magnetozones are defined as intervals with
adjacent specimens with consistent paleomag-
netic inclination. Each magnetozone is defined
by specimens with ChRM inclinations that are
almost antipodal from the neighboring magne-
tozones and are of definite normal or reversed
polarity.

Inclination (°) Inclination (°)

-45 0 920 -90  -45 0 45 90

Two stratigraphic intervals are left with
undefined polarity (Fig. 7F): the upper one is
between —7 m and —11 m depth, where speci-
mens treated with AF and thermal demagneti-
zation provide inconsistent results; the lower
one is between —111.5 m and —150 m depth,
where all the specimens are characterized by
the predominance of greigite as main magnetic
carrier. The uppermost reliable sample in the
core is of reverse polarity, but it is a single sam-
ple, and it is not sufficient to define a robust
magnetozone.

4.8. Tephra Major Element Composition
and Core Outcrop Tephra Correlation

The tephra layer SNC-2, which we dated
using **Ar-**Ar geochronology (see section 4.9),
occurs at an elevation and stratigraphic height
consistent with that of the layer CN-29.38 found
in the CN-1 sediment core at ~30 m (Figs. 4A
and 5). The two layers share similar lithologi-

AGRM/ANRM
0 10 20 30 200

Max Tub
400

cal and textural characteristics (Figs. 4D and
4E). They are both ~10 cm thick and blackish
in color (Figs. 4B, 4C, 5, and S7). Both layers
are made of brownish, poor vesicular, glass
shards, dotted by abundant microliths, accom-
panied by scarce loose crystals of feldspar and
clinopyroxene. Major element analyses of the
glass shards of both layers reveal strong compo-
sitional similarities, with silica contents ranging
from 56 wt% to 65 wt% and alkali sum from
5 wt% to 9 wt%, respectively (Table S4; Fig. 8).
In the total alkali versus silica classification dia-
gram (Le Bas et al., 1986), the composition of
glass shards from both layers plots mainly in the
field of latite, with some least and most evolved
glass shards straddling, respectively, the fields
of basaltic andesite and shoshonite and the field
of trachyte (Fig. 8). Based on the very similar
stratigraphic, lithological, and geochemical
characteristics, SNC-2 and CN-1 can be thus
reliably recognized as stratigraphic occurrences
of the same tephra.
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Figure 7. Stratigraphic trends of selected paleomagnetic and rock magnetic parameters: characteristic remanent magnetization (ChRM)
inclination values determined for specimens subjected to alternating field (AF) demagnetization (A) and to thermal demagnetization (B);
AGRM/ANRM values determined from AF demagnetization (C); maximum unblocking temperature (Tub) estimated from thermal demag-
netization (D); filtered ChRM inclination data for specimens with AGRM/ANRM values <0.1 and Tub >400 °C (E). The resulting magnetic
zonation is shown in (F). GRM—gyromagnetic remanent magnetization, NRM—natural remanent magnetization.
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Figure 8. Total alkali vs. silica classification diagram (TAS) and representative bi-plots for the tephra SNC-2 and CN-29.38 showing a good

compositional matching.

4.9. “Ar/¥Ar Geochronology of the
Castelnuovo Tephra Layer (SNC-2)

The new “°Ar/*Ar ages reported herein
were obtained via small-population multi-grain
analyses of phenocrystic plagioclase from a
fine-grained, vitric (almost aphyric) tephra layer
(SNC-2), equivalent to the layer CN-29.38 in core
CN-1. An age-probability density spectrum of
the MCTF dating results is shown in Figure 9A.
The age distribution is a quasi-symmetric, uni-
modal population with a weighted-mean age
of 1.81 +0.13 Ma (lo analytical error). As
these analyses have a rather high and variable
atmospheric argon component, it is instructive
to analyze the argon isotopic distribution using
an isotope correlation diagram (*®Ar/*°Ar versus
PAr/*°Ar isochron; Fig. 9B). The age derived
from the isochron analysis (1.54 £ 0.25 Ma) is
about twice as imprecise as the weighted-mean
age, but statistically indistinguishable from it at
the 95% confidence level.

Incremental heating release spectra plots of
the MCIH analyses are shown in Figure 10A.
All aliquots yielded apparent-age plateaus
encompassing all steps in each experiment. The
“age plateau” identification algorithm used here
delineates the set of contiguous steps encom-
passing the greatest percent of 3Ar release that
exhibit an acceptable MSWD (mean square of
weighted deviates, with a threshold probability
>95% that the observed scatter is due to ana-
lytical error alone and that geological scatter is
not demonstrated). A plateau must comprise at
least 50% of the total *’Ar release and consist
of at least three consecutive steps. The age and
uncertainty assigned to the plateau are weighted

means (weighted by the inverse variance of each
step) and modified standard error (standard error
expanded by root MSWD if MSWD is >1). The
isotopic composition of each aliquot was then
analyzed by the “inverse argon” isochron method
to yield isochron ages (Fig. 10B), summarized
in a probability density plot in Figure 10C.
As before, the replicate experiments yielded a
quasi-symmetrical unimodal population, with
a weighted-mean age of 1.89 & 0.18 Ma. The
final age is taken as the weighted mean of the
isochron ages for the MCTF and MCIH experi-
ments, or 1.77 & 0.15 Ma.

4.10. Cyclostratigraphy and Age Modeling

The multi-taper method spectral analysis of
the whole calcimetry record shows the presence
of a main spectral density peak corresponding
to a frequency of a 0.034814 cycles/m (wave-
length of 28.7240 m), with two secondary
peaks centered at 0.021072 cycles/m (wave-
length of 47.4608 m) and 0.043976 cycles/m
(wavelength of 22.7396 m), respectively.
Another important frequency value is related
to the peak at 0.082455 cycles/m (wavelength
of 12.1278 m), which is still above the 99.9%
confidence limit related to the conventional
AR(1) (autoregressive) modeling option we
chose. The periodogram displays a series of
spectral density peaks that falls below the 95%
confidence limit (Fig. S12).

Multi-taper method spectral analysis pro-
vided main periodicities detected within the
depth series, but it is still unclear where the
dominant periodicity is mainly represented
along the record. We therefore performed an
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evolutionary power spectral analysis, which
enables an evaluation of the significance and
dominance of the periodic components along
the record. Defining the sliding window is a
key parameter of the evolutionary power spec-
tral analysis: too long, and higher frequen-
cies will be over-smoothed, and possibly not
detected; too short, and lower frequency can
be lost (Kodama and Hinnov, 2015). Since
the longest cycle of interest in the calcimetry
series is ~47 m, a slightly longer window of
55 m has been adopted. The selected method
to run the analysis was MATLAB’s fast Fou-
rier transform. The resulting graph reveals how
the periodicity of ~12 m is dominant along the
interval that spans from the top of the sediment
core to almost —100 m depth, with the presence
of secondary cyclicities within the first 20 m,
while from —100 m depth down to the bot-
tom the sediment core, a dominant periodicity
slightly wobbles at ~28 m (Fig. 11).

Based on the results from the evolutionary
spectral analysis, we split the calcimetry depth
series into two different data series, the first
from —2.04 m to —100 m, the second from
—100 m to —220 m, with the purpose of testing
if the periodicities we identified are actually the
dominant ones in these two intervals. The power
spectral analysis of these two data series shows,
for the first interval, a main spectral density
peak at a frequency value of 0.081633 cycles/m
(wavelength of 12.2499 m), whereas, for the
second interval, it shows a dominant frequency
at 0.0399 cycles/m (wavelength of 25.0626 m;
Fig. S13). It is worthwhile to note the acceptable
match between values from the power spectral
analysis of the whole calcimetry data series and
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the ones from the power spectral analysis per-
formed on the individual intervals.

To count the number of cycles related to each
main frequency, two Gaussian band-pass filters
were applied to filter the main frequency signal.
Results of filtering are two filtered output series
representing a real component of the calcimetry
original signal related to the two specific fre-
quency values. To merge the two filtered output
series into a single filtered signal, we assumed
that the main frequencies obtained in the first
(—2.04m to —100 m) and second interval
(=100 m to —220 m) are attributable to the same
orbital forcing (Fig. S14).

Assuming the same orbital forcing, a change
in sedimentation rate could explain the wave-
length increase of the dominant frequency fil-

tered signal at ~—100 m. As stated before,
between —71.60 m and —118.80 m, clayey lev-
els become more abundant and thicker, show-
ing a transition from a lacustrine environment
mainly dominated by carbonate authigenic silty
deposits to a depositional context primarily char-
acterized by siliciclastic clayey fine sediments,
with a consequent increase in the sedimenta-
tion rate.

The merged filtered output series is com-
posed of 13 cycles, which are characterized by
different amplitudes (Fig. 12). To obtain an age
model of the CN-1 sediment core, we can assign
to each cycle a time interval corresponding to
a particular orbital forcing. The orbital forcings
we used for this step are obliquity (41 k.y.) and
short eccentricity (100 k.y.). We do not consider
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precessional forcing as being responsible for
the periodicity in the detrended calcimetry data
series because the consequent sedimentation
rate (0.6—1.3 mm/yr) is too high for a lacustrine
environment in the intermontane basins of the
central Apennines, which show typical sedimen-
tation rates between 0.2 mm/yr and 0.7 mm/yr
(e.g., Sulmona Basin; Regattieri et al., 2019).
Our interpretations are illustrated in two graphs
displaying the age model based on the selected
orbital forcing and the change of the sedimenta-
tion rate along the series (Fig. 13).

Finally, tuning the 12-25 m cycles both
to the 41 k.y. and 100 k.y. orbital cycles, two
floating astronomical time scales were con-
structed, showing the calcimetry curve tuned
to the obliquity (41 k.y.) and the eccentricity
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(100 k.y.). In the case of obliquity forcing, the
CN-1 stratigraphic record represents 536.46 k.y.,
while in the case of eccentricity forcing, it rep-
resents 1308.43 k.y., with sedimentation rates of
0.3-0.6 mm/yr or 0.13-0.25 mm/yr, respectively
(Fig. 14).

The presence, in the upper part of the CN-1
sediment core (~—30 m), of the 1.77 + 0.15 Ma
tephra layer represents a constraint for the tuning
of the calcimetry curve (obliquity versus eccen-
tricity). This point will be addressed in detail in
the following section.

5. DISCUSSION

5.1. Age Model of the Castelnuovo 1 (CN-1)
Deep Borehole

Combining the results from magnetostratig-
raphy, palynological analyses, and radiometric
dating, it has been possible to achieve some con-

straints necessary to calibrate the spectral analy-
sis carried out on the CN-1 sediment core and to
correlate it to the geological time scale.

Palynological assemblages typical of the
“warm” Piacenzian, typically dominated by
Taxodium-Glyptostrobus in environments often
characterized by extensive freshwater swamps,
are present here but never exceed 9%. Steppe
taxa, especially Artemisia, are well represented.
Furthermore, the fluctuations described by the
pollen curve reveal an opposition between the
steppe elements and the warm/humid arboreals
(Figs. 6E and 6F) reminiscent of the classical
glacial/interglacial cycles that become most evi-
dent from 2.6 Ma onward.

The results from the pollen record and the
¥ Ar/*9Ar radiometric dating of 1.77 4 0.15 Ma
obtained from the SNC-2 tephra, which corre-
sponds to the tephra encountered at —29.38 m
by the CN-1 borehole, point to an early Pleisto-
cene age for the drilled sedimentary succession,
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leading us to refer the longest normal polarity
interval (N3) to the Olduvai subchron. This
correlation allows us to chronologically con-
strain the normal-reverse polarity transition at
—82.50 m (top Olduvai) to 1770 ka (early Pleis-
tocene; Channell et al., 2020).

Based on the late Piacenzian—Gelasian age of
the San Nicandro Formation proposed by Spadi
et al. (2016), the longest normal polarity interval
(N3) detected in the CN-1 core from —82.50 m
to —111.50 m could be considered as part of the
Gauss Normal Chron. However, if the longest
normal polarity interval (N3) were correlated
with the Gauss Normal Chron (3.60-2.58 Ma),
we would have expected to observe intervals
dominated by Taxodium/Glyptostrobus, along-
side other elements such as Nyssa, Myrica,
Engelhardia, etc., extending from the base of
the succession up to about —82 m. Moreover,
we would have anticipated a more pronounced
progressive reduction of these elements. Addi-
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tionally, we should also have observed the onset
of steppe phases around —80 m, which instead
we observe occurring earlier, right from the base
of the succession.

Given the early Pleistocene age for the CN-1
sediment core, we suggest that the 41 k.y.
obliquity period is the main forcing process
responsible for the cyclicity revealed by the
spectral analysis of CaCO; content. According
to Lisiecki and Raymo (2005), before 1.4 Ma,
global climate, at least in terms of temperature
and ice volume, was sensitive to obliquity modu-
lation, and the 41-k.y. response is well recorded
till 1.4 Ma. Only later, 100-k.y. orbital forcing
related to short eccentricity became more domi-
nantly influential. By assigning the obliquity
periodicity to the output filtered signal of the
calcimetry data series, the floating astronomical
time scale provides a time span of 536.46 k.y.
for the long-duration depositional processes that
led to the sedimentation of the CN-1 sediment
core (Fig. 15A).

Spectral analysis on the CaCO; content of
the CN-1 sediment core shows the presence of
13 obliquity-modulated cycles, which display
a constant wavelength from the top down to
almost —90 m, while a longer wavelength has
been detected for the remnant interval, down
to the bottom (Fig. 15B). This change in wave-
length can be explained by the variation in the

depositional environment recorded by the CN-1
lithostratigraphy.

As described in section 4.1, at ~—90 m depth,
the CN-1 sediment core shows a change from
laminated carbonate silts (SNF), related to a
distal lacustrine environment, to dark grayish
siliciclastic clays (ACF) bearing centimeter car-
bonate clasts (dropstone), related to a lacustrine
environment gradually becoming more proxi-
mal going toward the bottom of CN-1, where
carbonate coarse-grained clasts point to a steep
slope lacustrine margin (MNF; Fig. 16). This
environmental change implies an increase in the
sedimentation rate of the CN-1 sediment core
starting from —90 m depth (Fig. 15B).

In terms of sequence stratigraphy, the transi-
tion between ACF/SNF encountered in the CN-1
sediment core is part of a transgressive surface
(ts, in Figs. 5 and 16) responsible for the super-
position of more distal and deeper lacustrine
deposits (SNF) above more marginal lacus-
trine facies (ACF). In contrast, the abrupt SNF/
VOF transition encountered at the top of the
CN-1 sediment core corresponds to the maxi-
mum flooding surface (mfs, in Figs. 5 and 16),
with the transition from deeper lacustrine silty
deposits (SNF) to sands and conglomerates of
lacustrine delta environment (VOF). This abrupt
change in depositional environments was pos-
sibly due to a forced regression induced by a
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regional tectonic uplift that affected the L’ Aquila
Basin at ca. 1.5 Ma.

By comparing the petrophysical logs with
the variation curves of pollen and CaCOj; in
the interval from 0 m to —80 m depth (Fig. 6),
it is evident that the MS and Fe curves show a
cyclic trend comparable to that observed for the
authigenic silty carbonate deposits and that the
Fe content is generally lower than the rest of the
core, consistent with deposition in a deep envi-
ronment with little supply of terrestrial minerals
and magnetite as the main magnetic carrier of the
paleomagnetic data (74 AF demagnetized paleo-
magnetic samples out of 100 are concentrated in
this interval). Furthermore, the appearance of S
peaks (~—51 m and —64-67 m) seems to occur
in a longer cold climate period as revealed by
the pollen curves, while the relative increase in
Fe between —60 m and —80 m corresponds to a
decrease in CaCO; content (Fig. 6).

In the interval from —80 m to —218 m depth,
a general increase in the intensity values of MS,
Fe, and S is observed. These values are consis-
tent with an increase in the contribution of terres-
trial input due to the transition from a deep lake
to a marginal lacustrine depositional environ-
ment. Furthermore, the intervals between —80 m
to —90 m and —190 m to —218 m are charac-
terized by cold climate periods of longer dura-
tion, as indicated by the pollen analysis and by
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a lower CaCOj content. The trends in Fe and S
(Figs. 6B and 6C) are probably due to an increase
in terrestrial detrital input as a consequence
of the decrease in plant cover for the cold cli-
mate period. In contrast, the sediments between
—118 m and —150 m were deposited in warmer
climate periods that persisted longer than cold
ones, as demonstrated by pollen analysis, and
they were characterized by a relative abundance
of iron versus organic matter, which probably

produced strong sulfur-reducing microbacterial
activity (Kao et al., 2004; Sagnotti, 2007; Picard
et al., 2018). This hypothesis is supported by the
absence of valuable S content and the formation
of the mineral greigite, as described in the mag-
netostratigraphic results.

In this regard, the general decreasing trend in
CaCO; content toward the bottom of the CN-1
sediment core could be linked to the presence,
and subsequent increase, of organic matter start-
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ing at a depth of —72 m (see stratigraphic log in
Fig. 6). Indeed, organic carbon and CaCOj; con-
tent in lake sediments are often inversely related
(Dean, 1999), since large amount of organic car-
bon in the sediments results in pH lowering and
consequent increase of CaCOj; dissolution.
Starting from the magnetostratigraphic
constraint described earlier, in which we use
pollen data and *Ar/*°Ar dating of the SNC-2
tephra to relate the N3 normal magnetic polar-
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ity recovered in the CN-1 borehole (from
—82.50 m to —111.50 m) to the Olduvai sub-
chron (age of the top 1770 ka; e.g., Shackleton
et al., 1990; Horng et al., 2002, 2003; Chan-
nell et al., 2002, 2016, 2020), we can corre-
late the 13 obliquity-modulated cycles of the
CN-1 sediment core, encompassing a tempo-
ral interval of 536.46 k.y., with the La2010d
astronomical solution for the obliquity (Laskar
etal., 2011) and the Pliocene—Pleistocene ben-
thic stack LR04 (Lisiecki and Raymo, 2005;
Fig. 17). Following this correlation, the top
Olduvai falls within MIS 63, as in other Ital-
ian land sections (Hilgen, 1991) and in several
deep-sea sediment cores (Horng et al., 2002,
2003; Channell et al., 2002, 2016).

This astrochronological model results in an
age of 1490.38 ka for the top of the CN-1 sedi-
ment core and an age of 2026.83 ka for its base
(Fig. 17), encompassing the marine isotopic
stages MIS 50 through MIS 75. Clumped-iso-
tope—derived lake-water temperatures are used
to confirm the reconstructed cyclostratigraphy
and to better constrain the age model. A general
trend of decreasing A ,,-temperature is recorded
from the lower (A,,-T of 21 & 1.7 °C, 1SE) to
the upper part of the sediment core (A,;-T of
11.5 £ 1.3 °C, 1SE), in accordance with the
average trend of the Plio-Pleistocene §'%0 stack
(Lisiecki and Raymo, 2005). Lower tempera-

tures correspond to lower CaCO; content and
to the colder MIS 64 (15.6 & 1.7 °C), MIS 54
(11.3 + 1.8 °C), and MIS 52 (11.5 £+ 1.3 °C),
while higher temperatures correspond to
higher CaCO; content and to the warmer MIS
67 (21 £ 1.7 °C) and MIS 53 (15.4 £ 1.6 °C).
Similar behavior was reported from Lake Tra-
simeno (Umbria, central Italy) during MIS 3 and
2 and the Holocene, where higher temperatures
correspond to higher total inorganic carbon val-
ues and vice versa (Francke et al., 2022; Marche-
giano et al., 2020, 2024a). These results could
support a prevalence of carbonate precipitation
during warmer periods in lacustrine systems in
central Italy.

Applying this astrochronological model, the
two normal magnetic polarity intervals occurring
near the top of the CN-1 sediment core, from
—28.5 mto —25.5 m (N2) and from —7.00 m (or
—11.00 m) to —4.50 m (N1), could be ascribed,
respectively, to the Gilsa excursion (1584 ka;
Channell et al., 2008, 2016) and to the Gardar
excursion (ca. 1460 ka; Channell et al., 2020;
Fig. 18).

The N2 magnetic polarity interval (Gilsa
excursion) has its top at ca. 1572 ka, while the
bottom has an age of ca. 1581 ka, within the
MIS 54, almost in agreement with literature data
(1575-1567 ka, Channell et al., 2002; 1584 ka,
Channell et al., 2016). The N1 magnetic polarity
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interval (Gardar excursion) has its top at ca. 1499
ka, while the bottom, due to noisy magnetic sig-
nal, could be set either at ca. 1508 ka or at ca.
1523 ka, with ages in contrast with literature data
(1480-1472 ka, Channell et al., 2002; 1463 ka,
Xuan et al., 2016).

The discrepancy with the presumed age of the
Gardar excursion base from the literature sug-
gests that high-resolution dating (i.e., on a mil-
lennial scale) for short-duration geomagnetic
events ca. 1.5 Ma may still be subject to revision
and slight adjustments.

A greater contrast between the magneto-
stratigraphy of CN-1 and the proposed astrochro-
nological model is with the Olduvai base. In the
literature, the onset of the Olduvai subchron has
been correlated with MIS 71/72 (Horng et al.,
2002, 2003), MIS 72/73 (Raymo et al., 1989),
MIS 71 (Channell et al., 2003), and MIS 73
(Channell et al., 2016).

As shown in section 4.7.2 and in Figure 7,
the Olduvai base (N3) is not well defined in the
proposed magnetostratigraphic model because
of the presence of greigite, which makes the
paleomagnetic signature highly disturbed. How-
ever, below the undetermined polarity interval
between —111.5 m to —150 m, a clear reverse
magnetozone (R3) was detected from —150 m
to —217 m (base sampling for magnetostratig-
raphy). It means that the Olduvai base should
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be placed between —111.5 m and —150.0 m.
Unfortunately, applying the astrochronological
age model to these two depths, we obtain ages
of ca. 1.835 Ma (MIS 67) and ca. 1.915 Ma
(MIS 70), respectively, much younger than the
age of the Olduvai base (1.925 Ma, MIS 71),
which, in the CN-1 sediment core, corresponds

to the depth of —160 m, well within the reverse
magnetozone R3.

The disparity noted in positioning the base
of the Olduvai subchron through cyclostratig-
raphy versus magnetostratigraphic zonation
likely stems from the complex magnetic min-
eral assemblage within the core, notably in the
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interval below —85 m depth. In this interval,
magnetite and greigite coexist as predominant
magnetic carriers, in variable proportions, intro-
ducing uncertainties regarding the timing of
magnetic remanence acquisition. Consequently,
this complicates the interpretation of magneto-
stratigraphic data.
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Figure 16. Facies tracts of the Plio-Pleistocene deposits of the Paganica—San Demetrio—Castelnuovo Sub-basin. ACF—laminated and over-
consolidated organic-rich clays (Argille di Castelnuovo Formation); CND—Castelnuovo depocenter; CN-1—Castelnuovo 1 borehole;
MNF—calcareous breccia with lacustrine whitish calcareous silty matrix (Madonna della Neve Formation); SNF—deep lacustrine whit-
ish calcareous silty deposits (San Nicandro Formation); VVF—alluvial fan and slope deposits (Valle Valiano Formation); VOF—deltaic
lacustrine conglomerates and carbonate sandstones (Valle Orsa Formation); mfs—maximum flooding surface; ts—transgressive surface.

Modified from Cosentino et al. (2019).

The proposed astrochronological model
points to an age of ca. 1.59 Ma for the
CN-29.38 tephra layer in core CN-1, which
is slightly younger than the youngest age
derived from the weighted mean of the iso-
chron ages for the MCTF and MCIH “°Ar/*Ar
experiments (1.62 Ma) performed on the cor-
responding SNC-2 tephra. However, it is
notable that the astrochronological calibra-
tion for the CN-29.38 tephra (1.59 Ma) is
in agreement with the age derived from the
isochron analysis of the MCTF dating results
(1.54 £+ 0.25 Ma; Fig. 9B).

5.2. Refining the Age for the Onset of
Continental Sedimentation in the I’Aquila
Intermontane Basin

Due to the lack of subsurface data for almost
all the sub-basins of the L’Aquila Basin, the
uncertainty on the age of the basal infill and thus
for the onset of continental sedimentation in the
L’Aquila intermontane basin is high. For this
reason, the inferred age of Pucci et al. (2019) for
the basal part of the continental deposition in the
L’ Aquila Basin is shown with a large error (ca.
2.3 £ 0.5 Ma), suggesting that a possible age for
the creation of the L’ Aquila intermontane basin
could be between 2.8 Ma and 1.8 Ma.

A lack of subsurface data when attempting
to reconstruct the stratigraphic architecture and
thickness of the sedimentary infill of these inter-
montane basins is a major hindrance, resulting in

reconstructions that are commonly inconsistent
with newly acquired borehole data. This is the
case for the reconstruction of the stratigraphic
relationships within the L’ Aquila area and the
Paganica—San Demetrio and Barisciano-Castel-
nuovo sub-basins reported in recent literature
(e.g., Pucci et al., 2019).

In the subsurface of the L’ Aquila area, Pucci
et al. (2019) reported only an 80-m-thick post-
orogenic sedimentary cover. In contrast, the
deepest borehole in L’ Aquila downtown (S10,
in Tallini et al., 2019) drilled ~400 m of fine-
grained siliciclastic deposits, which are referable
to alluvial plain environments with marshes and
swamps (lignite levels). These characteristics
enabled Tallini et al. (2019) to refer them to the
Madonna della Strada Formation (lower Pleisto-
cene pro parte).

By comparing the thickness of Madonna della
Strada Formation in the subsurface of L’ Aquila
downtown (ca. 400 m) with that in the sur-
rounding areas of the ASB (ca. 200 m; Tallini
et al., 2012; Cosentino et al., 2017; Nocentini
et al., 2017), Tallini et al. (2019) depicted an
early Pleistocene depocenter in the subsurface
of L’ Aquila downtown. Thus, a complex buried
structure, characterized by topographic highs
and lows (i.e., highs and depocenters), typifies
the early Pleistocene ASB.

A similar tectono-stratigraphic setting has
been recognized by Civico et al. (2017) in
the Middle Aterno Valley. According to these
authors, the Middle Aterno Valley is charac-
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terized by three main depocenters, where the
basin infill thickness varies from 200 m (Bagno
depocenter) to more than 450 m (San Demetrio
depocenter).

Discrepancies between subsurface schematic
reconstructions and deep borehole stratigraphy
can be also found for the PSC Sub-basin. In
the area of Barisciano and Castelnuovo, Pucci
et al. (2019) show a thickness of ca. 100 m for
the early Pleistocene continental deposits rest-
ing unconformably on the Mesozoic—Cenozoic
substratum.

More recently, by using the CN-1 stratigra-
phy, Spadi et al. (2022) showed that the observed
horizontal-to-vertical spectral ratio frequency
peaks are associated with an impedance contrast
at —210 m depth, corresponding to the litho-
logic boundary between clayey silts (Argille di
Castelnuovo Formation) and carbonate breccias
(Madonna della Neve Formation).

By using the reconstructed complex subsur-
face architecture of the Middle Aterno Valley
(Civico et al., 2017), the residual gravimetric
anomaly map by Cesi et al. (2010), and the
CN-1 stratigraphy (this work), we attempted
to reconstruct the subsurface architecture of
the San Demetrio—Barisciano—Castelnuovo
area (Fig. 19). In addition to the San Demetrio
depocenter, already described by Civico et al.
(2017), our reconstruction shows a depocenter
between San Nicandro and Castelnuovo (Castel-
nuovo depocenter; CND in Fig. 19), as revealed
also by Florio et al. (2021).
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Figure 17. Diagram showing the good correlation degree among different proxies: benthic stack LR04, L.a2010d obliquity astronomical
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The astrochronology of the Castelnuovo calcimetry dataset suggests a 1490.3761 ka age for the top and a 2026.8336 ka age for the bottom
of the sediment core, spanning from the upper Gelasian to the lower Calabrian (lower Pleistocene).

In the San Demetrio—Castelnuovo area,
Florio et al. (2021), by processing the gravity
data from the Bouguer Gravity Anomaly Map
of Italy (Carrozzo et al., 1986) identified two
depocenters: the San Demetrio and Castelnu-
ovo depocenters, with thicknesses of the Qua-
ternary infill as great as 550 m and greater than
700 m, respectively.

Applying the equation y = —14x? + 34x
— 410 proposed by Florio et al. (2021) for
the relationship between substratum depth (y)
and the gravity datum (x) at the same point,
the value of —3.6 mGal performed by Cesi
et al. (2010) for the Castelnuovo site would
correspond to a depth of 350 m. On the con-
trary, considering a local thickness of 30 m
for the Madonna della Neve formation, the
stratigraphy of CN-1 borehole allows esti-

mating a substratum depth at —250 m from
ground level.

As a first approximation, by applying the law
of direct proportionality between gravity anom-
aly and substratum depth, at the CN-1 borehole
these two quantities lead to the definition of the
formula y = 69.4 X x, to define the relationship
between substratum depth (y) and gravity anom-
aly (x) for the depocenter of which the Castelnu-
ovo site is a part. The maximum gravity anomaly
observed by Cesi et al. (2010) in this depocenter
area (—8 mGal) would lead to the definition of
a maximum substratum depth of ~550 m, lower
than that estimated by Florio et al. (2021) for the
Castelnuovo depocenter (700 m).

For this depocenter (CND in Fig. 19) we can
infer <300 masl for the elevation of the Meso-
zoic—Cenozoic bedrock. In addition to the trend
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of the bedrock, the outcrop elevations of the
VOF/SNF boundary, its bedding attitude, and the
horizontal lines on the dipping surface of this
boundary are shown in Figure 19.

Combining the minimum elevation of the
Castelnuovo depocenter (<300 masl) with the
elevation of the horizontal line on the dipping
surface of the VOF/SNF boundary in the dep-
ocentral area (H810; Fig. 19), we can infer more
than 510 m of thickness for the SNF, which rep-
resents the first depositional unit resting above
the Meso-Cenozoic bedrock in the depocentral
areas of the PSC Sub-basin (Cosentino et al.,
2019; Fig. 16). A similar thickness (450 m) for
the SNF can be suggested for the San Demetrio
depocenter, which shows the Mesozoic—Ceno-
zoic bedrock at ca. 150 masl and the elevation
of the horizontal line on the dipping surface of
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the VOF/SNF boundary at 600 masl (H600;
Fig. 19).

For the deep lacustrine whitish calcareous
silty deposits of the SNF drilled by the CN-1
borehole down to a depth of —80 m, the pro-
posed age model suggests a sedimentation rate
of 0.3 mm/yr. Higher sedimentation rates (0.5—
0.6 mm/yr) characterize the lacustrine marginal
facies drilled from —120 m to —230 m (mainly
ACEF; Fig. 15B).

Considering that the more silty-sandy facies
of ACF and the more marginal lacustrine facies
(Madonna della Neve Formation) strictly char-
acterize the marginal areas of the ancient lacus-
trine basin (e.g., Nocentini et al., 2018; Cosen-
tino et al., 2019), the areas far from its margins,
and even more the depocentral areas, hosted the
sedimentation of fine-grained deep lacustrine
deposits (white calcareous silts, SNF; Fig. 16).
Therefore, we can attribute sedimentation rates of
0.3 mm/yr to the depocentral areas of the ancient
lacustrine basin. Assuming a constant sedimenta-
tion rate through time, the 450 m of deep lacus-
trine sediment (SNF) of the San Demetrio dep-
ocenter would have been deposited in 1.5 m.y.
and, considering the age of ca. 1.5 Ma for the
VOF/SNF boundary from the age model of the
CN-1 stratigraphy, the onset of the lacustrine

sedimentation in the PSC Sub-basin would have
started at ca. 3 Ma. Slightly older would be the
age of onset of lacustrine sedimentation in the
PSC Sub-basin if we consider the greater depth
of the Castelnuovo depocenter, with a thickness
of 510 m of lacustrine deposit (ca. 3.2 Ma).

These ages for the formation of the tectoni-
cally controlled L’ Aquila intermontane basin are
in agreement with the low-temperature exhuma-
tion ages of the carbonate bedrocks recently
obtained for the Monte Marine fault zone, in
the L’ Aquila Basin, by dolomite luminescence
thermochronometry (Zhang et al., 2025), as well
as with the Pliocene—Pleistocene kinematic evo-
Iution of the central Apennines (e.g., Cosentino
et al., 2010, 2017).

In this tectonic framework, the L’ Aquila inter-
montane basin developed in a post-orogenic set-
ting, within the late Pliocene—earliest Pleistocene
syn-rift area of the central-northern Apennines,
which includes all the Plio-Quaternary inter-
montane basins from the Tiberino Basin to the
Sulmona Basin (Cosentino et al., 2017).

6. CONCLUSIONS

We applied an integrated multiple-dating
approach, including “°Ar/*°Ar dating, magne-
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tostratigraphy, multiproxy paleoclimatic data,
and astrocyclostratigraphy, to a long sediment
core (Castelnuovo 1 borehole; CN-1) recovered
from the L Aquila Basin lacustrine succession to
reduce the existing uncertainties about the age of
the basin and the onset of the current extensional
tectonic and seismic regime that is affecting the
central Apennines.

Combining the results from magnetostratig-
raphy, palynological analyses, and radiometric
dating, it has been possible to obtain constraints
necessary to correlate the CN-1 borehole with
the geological time scale. Results from the pollen
record and “°Ar/*° Ar radiometric dating obtained
from the SNC-2 tephra (1.77 £ 0.15 Ma) indi-
cate that the longest polarity interval of the CN-1
sediment core (N3) can be referred to the Oldu-
vai subchron. In addition, spectral analysis on
the calcimetry data series of the CN-1 sediment
core shows the presence of 13 obliquity-modu-
lated cycles, which correspond to a time span
of ~536 k.y.

The well-defined top of the Olduvai subchron
allow us to correlate the 13 obliquity-modulated
cycles with the La2010d astronomical solu-
tion for the obliquity (Laskar et al., 2011) and
the Pliocene—Pleistocene benthic stack LR04
(Lisiecki and Raymo, 2005), resulting in an
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age of ca. 1490 ka for the top of the CN-1 sedi-
ment core and an age of ca. 2027 ka for its base.
Consequently, the sediment core encompasses
the marine isotopic stages between MIS 50
and MIS 75.

Ostracod analyses show the occurrence of
Caspiocypris nicandroi and Cypria cf. C. bik-
eratia already from the lowermost portion of the
core (—211 mdepth), pointing to the presence of
a well-developed lacustrine environment in the
PSC Sub-basin at 2 Ma.

This lacustrine environment recorded warm-
to-cold climate changes evidenced by variations
in both the pollen temperature index and in
clumped isotopes measurements. In particular,
the lacustrine environment recorded warm-to-
cold temperatures of 15.4 & 1.6 °C (MIS 53)
and 11.5 £ 1.3 °C (MIS 52), lower than the
temperatures from the lower part of the sedi-
ment core, which show warm-to-cold tempera-
tures of 21 4= 1.7 °C (MIS 67) and 15.6 & 1.7 °C
(MIS 64).

As in other parts of the L’ Aquila intermontane
basin, the PSC Sub-basin shows a complex sub-
surface architecture with highs and depocenters.
In both the main depocenters of the PSC Sub-
basin (San Nicandro and Castelnuovo depocen-
ters), we can infer from 450 m up to 510 m of
thickness for the deep lacustrine deposits of the
SNF, which represents the first continental unit
deposited above the marine Mesozoic—Ceno-
zoic bedrock in the depocentral area of the PSC
Sub-basin.

The age model performed in this work for
the CN-1 sediment core suggests a sedimenta-
tion rate of 0.3 mm/yr for the fine-grained deep
lacustrine deposits of the SNF, which we extrap-
olate to estimate the onset of the continental sed-
imentation in the PSC Sub-basin and thus, by
extension, of the onset of the current extensional
tectonic and seismic regime at ca. 3.2-3.0 Ma.

This conclusion supports the idea that
L’Aquila intermontane basin developed in a
post-orogenic setting, within the late Pliocene—
Pleistocene extensional area of the central-
northern Apennines of Italy (Cosentino et al.,
2017), which includes the intermontane basins
from the Tiberino Basin (to the NW) to the
Sulmona Basin (to the SE). This post-orogenic
extensional domain, which is still active, repre-
sents an archive of ~3 m.y. of continued crustal
extension and one of the most seismically active
sectors of the central Mediterranean region.
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