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The on-land marine Valle di Manche section (Crotone Basin, Calabria, Southern Italy), one of the candidates to host the
GSSP of the Middle Pleistocene ("lonian") Stage, preserves a manifold record of independent chronological, paleocli-
matic and stratigraphic proxies that permit a straightforward correlation with marine and terrestrial reference records at
the global scale. In particular, the section holds an excellent record of the Matuyama-Brunhes magnetic reversal, which
occurs in the midst of Marine Isotope Stage (MIS) 19. We report on a complete revision of the section that improves dra-
matically the available dataset, especially in the stratigraphic interval straddling the Lower-Middle Pleistocene boundary.
Our benthic 5'30 record provides evidence that the Matuyama-Brunhes transition, the stratigraphic position of which is
marked by a prominent tephra (the "Pitagora ash"), occurred during full MIS 19, in agreement with many records world-
wide. We obtained an age of 786.9 + 5 ka for the Matuyama-Brunhes magnetic reversal and pinpointed the paleomagnetic
transition of to a 3 cm-thick interval, indicating that the event was very fast. Since the section fulfills all the requirements
to host the GSSP of the Ionian Stage, we propose that the boundary should be placed at the base of the "Pitagora ash", ca.

12.5 cm below the midpoint of the Matuyama-Brunhes reversal.

1. Introduction

The definition of Global Stratotype Sections and Points (GSSPs) is
one of the main tasks to be accomplished by the Earth scientists' com-
munity. The recognition of formal boundaries and chronostratigraphic
units represents a fundamental step towards a common language in
stratigraphy, which is of the essence for future work.

So far, the Pleistocene Series is subdivided into four4 Stages, only
two of which (Gelasian and Calabrian, Lower Pleistocene) have been
formally defined (Rio et al., 1998; Cita et al., 2012). The “lonian”
and “Tarentian” Stages (Middle and Upper Pleistocene, respectively)
are employed informally, though their formal definition is expected
shortly.

In keeping with all Pliocene and Pleistocene Stages, there is a
broad agreement to define the GSSP of the lonian Stage in corre-
spondence to a geomagnetic reversal, namely the Matuyama-Brun-
hes (M-B) boundary,in mid-MIS 19 (Richmond, 1996; Pillans, 2003;
Head et al., 2008; Pillans and Gibbard, 2012). Unfortunately, the
M-B boundary is usually poorly documented in the marine on-land
record (see Singer, 2014). To our knowledge, the only available ma-
rine on-land
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record of the M-B reversal in the Mediterranean area is that of the
Valle di Manche section (VdM hereafter), located in the Crotone sed-
imentary basin (Calabria, Southern Italy).

The VdM section has been investigated since the early 1990s (Rio
et al., 1996). However, the amount and resolution of the data pub-
lished so far is nowadays inadequate, considering the recent trend to-
wards high-resolution studies. We recently undertook a complete re-
vision of the local succession in order to obtain a more detailed and
complete information on the VdM section, with the aim of supporting
a formal proposal to define the GSSP of the Ionian Stage (Cita et al.,
2006). Based on the new data, we can demonstrate that the VdM sec-
tion holds all the key requirements for the definition of a GSSP, as per
the recommendations of Remane et al. (1996). Given that all GSSPs of
the Pliocene and Pleistocene Series ratified so far are located in South-
ern Italy (Crotone Basin and Sicily), defining the GSSP of the lonian
Stage in the VdM section would also abide by a basic principle of re-
gional and historical continuity, with understandable benefits such as
high correlation potential, comparable depositional settings and prox-
ies, simple logistics, etc.

2. Geologic setting

The studied section belongs to the late Neogene to Quaternary
Crotone sedimentary Basin (CB hereafter), located in the central-



eastern part of the Calabria region, Southern Italy (Fig. la). The CB
is generally interpreted as a forearc basin located above the internal
part of the Calabrian accretionary wedge (Rossi and Sartori, 1981;
Barone et al., 1982; Van Dijk and Okkes, 1991). It is bounded by two
major NW-SE left-lateral shear zones, these being the Rossano—San
Nicola to the north and the Petilia—San Sosti to the south (Fig. 1b),
yielding local block rotation (Speranza et al., 2011; Macri et al.,
2014). The CB consists of a series of half-grabens that host a very
thick (>3000 m) and well-exposed upper Miocene to Pleistocene sed-
imentary succession, where vastly different facies, ranging from off-
shore marly clays to continental (fluvial) gravels, are preserved. Roda
(1964) subdivided the sedimentary succession of the CB into three
main tectono-stratigraphic sequences bounded by major unconformi-
ties, each representing a major event of deformation and basin reor-
ganization. The first sequence encompasses the Serravallian to early
Messinian interval, while the second developed from middle Messin-
ian to Early Pliocene; the third extends from the Middle Pliocene
(Piacenzian) to the Middle Pleistocene (Capraro et al., 2006; Macri
et al., 2014). The latter sequence was initiated by a rapid and mas-
sive increase in the regional subsidence rates, which attained to a
maximum during the Early Pleistocene. This event is marked by the
widespread deposition of a thick succession of monotonous, marine
muddy slope deposits (“Cutro 1” of Rio et al., 1996; lower part of the
“Cutro Marly Clays” of Roda, 1964). In a large part of the CB, the
regional uplift begun during, or immediately after, the deposition of
the “Cutro 1”. This pattern is well documented in sections exposed
along the modern coast, such as Vrica and Le Castella (Pasini et al.,
1975; Pasini and Selli, 1977), where the Pliocene “Cutro 1” marls are
unconformably overlain by middle-late Pleistocene marine terraces
(Massari et al., 2010). In small internal sectors of the CB, such as
the San Mauro area (Fig. 1b and c), higher tectonic subsidence rates
promoted the activity of synsedimentary faults. These sectors devel-
oped as confined sub-basins, where the sedimentation of marine cy-
clothemic successions lasted well into to the Middle Pleistocene, with

deposition of manifold sedimentary facies and architectural stacking
patterns (Massari et al., 2010; Capraro et al., 2011). Immediately on
top of the “Cutro 17, which is truncated by a major late Early Pleis-
tocene unconformity (upper “large” Gephyrocapsa Zone: Rio et al.,
1990), rests the “Cutro 2” (upper part of the “Cutro Marly Clays” of
Roda, 1964). The “Cutro 2”, which correlates grossly with the “small”
Gephyrocapsa Zone (Rio et al., 1990), is represented by a wide range
of sedimentary facies, pointing to depositional settings ranging from
outer to inner shelf (Massari et al., 2002). In proximal settings, such as
the San Mauro area, it consists of four cyclothems bounded by minor
unconformity surfaces (Rio et al., 1996).

2.1. The San Mauro sub-basin

The San Mauro sub-basin is located in the internal part of the Cro-
tone Basin (Fig. 1b). It is bounded by two northeast-trending dex-
tral oblique-slip faults (Rio et al., 1996; Massari et al., 1999) that be-
came active during the Early Pleistocene (Massari et al., 2002) and
promoted the growth of a synsedimentary syncline, where a shal-
lowing-upward, marine to continental succession was laid (the “San
Mauro Sandstone” of Rio et al., 1996; SMS hereafter).

The bedrock of the local sedimentary succession (Fig. 2) is rep-
resented by the “Cutro 2” unit. The latter is truncated just above the
base of the Pseudoemiliania lacunosa Zone (Base of Gephyrocapsa
sp.3 sensu Rio, 1982, calibrated with MIS 25 in the Central Mediter-
ranean; Castradori, 1993; Raffi et al., 2006) by a major erosional sur-
face that predates the deposition of the cyclothemic SMS. With re-
spect to the underlying “Cutro” mudstones, the SMS shows a dis-
tinct change in sedimentation style, with facies associations and thick-
nesses that change rapidly over short distances in response to synsed-
imentary faulting and folding (Massari et al., 2002; Capraro et al.,
2011). The SMS is composed of a stack of transgressive/regressive
(T/R) cycles (Rio et al., 1996) that mainly reflect the local sedimen-
tary response to eustasy and local sediment supply. However, the lo-
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Fig. 1. Location of the studied section a): Location of the Crotone Basin (CB) in Southern Italy b): Simplified geologic map of the Crotone Basin and location of the San Mauro
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Fig. 2. — a): Panorama view of the Valle di Manche badlands, exposed below the cemetery of San Mauro Marchesato The Cutro 2, SM1, SM2 and SM3 units are indicated The red
dashed line indicates the position of the “Pitagora ash” The double vertical line marks the sampling profile b): detail of the “Pitagora ash” from a fresh exposure in the VdM section
(photo by M Head) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article )

cal subsidence rates play a key role in shaping the stratigraphic suc-
cession of the San Mauro sub-basin (Rio et al., 1996; Massari et al.,
2002, 2007). Rio et al. (1996) subdivided the SMS into three compo-
nent units (SM1 to SM3) that can be traced virtually basinwide in the
San Mauro area (Fig. 3).

The basal SM1 unit rests unconformably on top of the “Cutro 2”
marly clays. It consists of a distinctive prograding package of shal-
low-water, coarse-grained sands that attain to a maximum thickness
of ca. 45 m in depocentral arecas (Massari et al., 2002). Shells of the
boreal guest Arctica islandica are locally common. The micropaleon-
tological content is distinctively poor, being represented by reworked
calcareous microfossils and shallow-water benthic foraminifers (Rio
et al.,, 1996). Scarponi et al. (2014) inferred a paleodepth of ca.
3040 m for this interval, which was correlated to the Marine Isotope
Stages (MIS) 24-22 glaciation by Capraro et al. (2005).

The SM2 unit, ca. 540 m thick, is represented by a prominent
grayish package of soft outer-to mid-shelf deposits, ranging from silty
muds to sandy silts. Stratal geometries and thicknesses (Massari et al.,
2002, 2007, 2010) point to a significant deepening and increase of the
local tectonic subsidence rates at the end of the MIS 24/22 glaciation,
which emphasized dramatically the effects of glacioeustasy (Capraro
et al., 2005). The strong tectonic subsidence promoted the continu-
ous creation of accommodation space and deposition of a continuous
and expanded record of the interval from late MIS 22 to early MIS 18
(Capraro et al., 2005). Embedded in the upper muddy interval of SM2
(in MIS 19) is a volcaniclastic layer (the “Pitagora ash” of Rio et al.,
1996).

The silty interval at the top of SM2 marks the beginning of a ma-
jor regressive trend, which culminates in the sandy shoreface and flu-
vial deposits of SM3 (Fig. 2). The latter attains a total thickness of
40 m in the marginal sectors and ca. 120 m in depocentral areas. It
consists of a progradational stacking pattern of cycles that incorpo-

rate upward-increasing amounts of marginal marine and fluvial de-
posits. In particular, the basal part of the SM3 is represented by a sicil-
iclastic prograding shallow-water sandy body with a shingled internal
architecture, locally very rich in macrofossils. Above is an alternation
between fluvial gravels, sands and lagoonal muds that document the
youngest infill of the San Mauro sub-basin (i.e., post-MIS 18) prior to
the uplift of the area (late Middle Pleistocene; Capraro et al., 2011).

2.2. The section

The Valle di Manche (VdM) section is well exposed along the
northwestern flank of the Manche valley, just below the cemetery of
the village of San Mauro Marchesato (Figg. 1c, 2a). The VdM profile
was first described by Roda (1964) and then designated by Di Grande
(1967) as the type area of the “Molassa di San Mauro” Formation.
Later, Rio et al. (1996) utilized the VdM section as the pivotal compo-
nent for reconstructing the stratigraphic architecture of the San Mauro
sub-basin. Therefore, the Manche valley badlands possibly host the
longer-lasting outcrops in the whole CB, being exposed uninterrupt-
edly since the 1960s. The VdM section preserves the best available
record of the SMS, because it was laid in a depocentral setting of the
San Mauro sub-basin where, in contrast with the marginal (landward)
areas, transgressive-regressive cycles are separated by conformable
surfaces and the stratigraphic record is complete (Rio et al., 1996;
Capraro et al., 2005; Massari et al., 2002, 2007).

Ideally, the VdAM section extends from the top of the “Cutro 2”
marly clays to the base of the upper (continental) part of the SM3
sandstones. At VdM, the uppermost “Cutro 2” is nowadays exposed
poorly because of the thick vegetation. However, the “Cutro 2”/SMS
boundary is well represented in the more marginal sectors of the San
Mauro sub-basin (Rio et al., 1996; Massari et al., 2002).
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We focused our investigation on the shelf muds of the SM2 unit,
which crop out conveniently and are very easy to describe and sample.
This interval contains the record of the last geomagnetic reversal, i.e.
the Matuyama-Brunhes boundary (MIS 19).

The reconstructed stratigraphic log (Fig. 3) shows a closely spaced,
yet consistent, alternation of facies (see Table 1 for a description).
We insist that, within the interval of relevance, all facies changes are
subtle and gradual, and no evidence occurs of erosional surfaces, hia-
tuses, abrupt variations in sediment composition and/or changes in the
sedimentation style, which is persistently dominated by mud settling
(Massari et al., 2002, 2007; Scarponi et al., 2014). We emphasized
graphically any lithological contrast, change in sedimentation style
and facies boundary only in order to stress the well-developed strati-
graphic architecture of the section.

In the SM2 interval, the estimated depositional settings range from
middle shelf to outer shelf/upper slope. We interpreted the bottom
of the clayey intervals (facies Al; Table 1) in MIS 21 and MIS 19
as major flooding surfaces (FS in Fig. 3) that, according to the ap-
proach of Massari et al. (2007), mark the base of two transgressive-re-
gressive (T/R) cycles with similar internal organization of facies,
especially in the fine-grained intervals (Fig. 3). The persistence of

Table 1
Description of the facies recognized in the Valle di Manche section and employed in
Fig 3

Facies Description

E An individual layer, ca 40 cm-thick, of medium to coarse silts and fine
sands with a loosely packed concentration of the gastropod Turritella
tricarinata, locally associated with sparse pectinids Benthic foraminiferal
assemblages are similar to those of facies C3 The inferred environment is
a prodelta (mid-shelf) setting subjected to high sedimentation rates,
possibly under the influence of riverine waters (Huntley and Scarponi,
2012)

D Massive, fine to coarse silts alternating with sharp-based, planar-laminated,
generally thin-bedded tabular to lenticular layers of fine micaceous sands
(sand/mud ratio between 1/10 and 1/5) Stringers of vegetal debris and
plant macrorests are extremely abundant Restricted to the upper part of the
SM1 unit, sparse shells of Arctica islandica are also present Benthic
foraminiferal assemblages are similar to those of facies C3 The
depositional setting is a distal to intermediate delta-front, where a
background sedimentation sustained by mud settling was punctuated by the
emplacement of thin sandy layers in response to high-energy events, such
as river floods and/or storm-induced flows

C3 Massive silts with dispersed autochthonous skeletal material (mainly
mollusks) and sparse vegetal remains that increase in abundance upwards
The benthic foraminiferal fauna is dominated by Cassidulina spp and
Elphidium spp associated with Bulimina marginata and Bolivina
catanensis The occurrence of shells in life position suggests a low-energy
environment with frequent mud blanketing in a mid-shelf environment,
grading upwards to a prodelta setting

C2 Couplets of alternating light, skeletal-rich layers of overcompacted coarse
silts and dark, poorly fossiliferous layers of soft muds The thickness of
individual strata is ca 20 cm The base of this unit is marked by a
distinctive, ~10 cm-thick blackish layer rich in Chondrites (Ch in Fig 2)
that points to short-lived episode of reduced oxygenation at the bottom
(Bromley and Ekdale, 1984)

Cl Massive, unconsolidated muddy silts very rich in bryozoans and unsorted
skeletal material, indicative of intense in situ macrofaunal fragmentation
The benthic foraminiferal assemblage is dominated by Cassidulina
laevigata; epiphytic forms increase in abundance upwards, suggesting a
gradual transition from an outer to a mid-shelf setting

B Detritic firmgrounds mantled by biogenic concentrations of the gregarious
deep-sea ostreid Neopycnodonte cochlear Shells are embedded in a matrix
of clayey silts, pointing to conditions of minimum sediment accumulation
rates (starvation) in an outer shelf-upper slope setting (Scarponi et al ,
2014)

A2 Grey, massive silty clays grading upwards to clayey silts Fossils are
increasingly common, pointing to an improved oxygenation at the sea floor
with respect to the underlying A1 unit The benthic foraminifer assemblage
is rich, with dominant Uvigerina peregrina

Al Muddy silts rapidly grading upwards into dark, massive muds Large
dispersed burrows and sulphide nodules are present This facies is
indicative of fine-grained substrates in an outer shelf setting, with high
fluxes of organic matter and poor oxygenation at the seafloor The benthic
foraminifer fauna is scanty and oligospecific, with Uvigerina peregrina,
Brizalina spp and Bulimina marginata The mollusk fauna is very scarce
(Scarponi et al , 2014) and mainly represented by a juvenile assemblage
dominated by Corbula gibba, indicative of hypoxic conditions (Ceregato et
al, 2007) and/or high sediment accumulation rates (Scarponi and
Angeletti, 2008)

similar depositional conditions during each T/R cycle suggests that
the main traits of the VdM succession were primarily shaped by
glacioeustasy, although during the deposition of the SM2 unit a strong
local subsidence promoted the continuous creation of accommodation
space and the persistence of open marine conditions also in correspon-
dence to the eustatic sea-level minima.

2.3. The “Pitagora ash”

The “Pitagora ash” (Fig. 2b) is an indurated, spongy and very
light layer that contains a substantial volcaniclastic fraction made
of fine-grained glass shards and magmatic crystals. Its color ranges
from off-white to pinkish, depending on the weathering. Thickness is
highly variable, ranging from ca. 3—4 cm in marginal settings to ca.



30 cm in depocentral areas, where the volcaniclastic fraction is largely
subordinate to a terrigenous (detrital) muddy fraction (Rio et al.,
1996); small variations are also observed at the outcrop scale.

The optical microscopy study of the “Pitagora ash” reveals an
abundance of both volcanic clasts (mainly glass shards and feldspars)
and non-volcanic components (quartz, epidotes, chlorites and white
micas). According to the classification scheme of Le Maitre (2002), it
can be identified as a tuffite. The fine-grained detrital fraction is gen-
erally dispersed, albeit clay chips with iron oxides are present. X-ray
diffraction (XRD) analyses of the bulk rock match the optical observa-
tion and also demonstrate the presence of zeolites (phillipsite), which
are more abundant within the silt-clay fraction (<63 um). According
to the TAS (Total Alkali versus Silica) classification, chemistry of the
glass shards by means of SEM-EDS investigation (see Gasparotto et
al., 2000 for methodological details) points to a phonolitic composi-
tion, with a small dispersion of data points toward the trachyte field
(Fig. 4). Regrettably, only few sanidine crystals were available for the
analysis (mole % Or: 74,61; Ab: 23,36; An: 3,3). So far, the scarcity of
well-preserved sanidine crystals and the very fine grain of the volcani-
clastic fraction of the “Pitagora ash” at VdM hampered our attempts
to achieve a radiometric age.

Being hosted in dark, soft, massive muds, the “Pitagora ash” is
prominent and very easy to detect in the field (Fig. 2b). It can be
traced basinwide, representing the most practical and reliable tool
for long-distance correlations within the San Mauro area (Rio et al.,
1996). In particular, only the “Pitagora ash” can provide unambigu-
ous physical linkage between depocentral sections, where the strati-
graphic architecture is basically represented by a mere vertical stack
of T/R cycles, and marginal areas, where sedimentary bodies are often
amalgamated and truncations, omission surfaces and facies changes
are widespread (Massari et al., 2002, 2007). Still, its usefulness as
physical reference for defining the GSSP of the Ionian Stage may
prompt criticism, because the sedimentary mechanisms that originated
the “Pitagora ash” are uncertain.

Capraro et al. (2015) tentatively described the “Pitagora ash” as
a “resedimented” layer, because it preserves small-scale sedimen-
tary structures, such as plane-parallel lamination and convolutions
(Massari et al., 2007), and the absence of a basal massive 7, interval
is consistent with a low-density turbidity current (sensu Lowe, 1982).
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Fig. 4. TAS classification diagram (Le Maitre, 2002) of glass shards from the "Pitagora
ash" (dry basis) Ph: phonolite, T: trachite, TA: trachyandesite; TPh: tephriphonolite

However, the presence of sedimentary structures is not sufficient to
determine whether it represents a “primary” tephra or a product of
resedimentation of older volcaniclastic material (Mezzetti et al., 1991;
Manville and Wilson, 2004; Manville et al., 2009). Indeed, discrim-
inating between “primary” tephra layers, generated from ash falling
and settling, and “secondary” deposits, originated from the resettling
of older volcaniclastic material, is generally not possible (Carey and
Sigurdsson, 1978; Sparks et al., 1983; Manville and Wilson, 2004).

In an open marine setting, the deposition and preservation of thick
layers of fine-grained volcaniclastic materials can hardly be inter-
preted as the response to pure ash fall and settling (Huang, 1980). In a
pure settling regime, ash particles would sink over months to decades,
and bioturbation would immediately mix the slowly accumulating vol-
caniclastics with the undifferentiated host sediments (Manville and
Wilson, 2004). However, tephra layers are usually characterized by
a sharp base, implying a massive and abrupt suppression of the ben-
thic fauna, and a bioturbated top, in response to the subsequent recol-
onization of the sea floor (Cita and Podenzani, 1980; Marquez, 2000),
demonstrating that the sedimentation process was extremely fast.

At VdM, the “Pitagora ash” is the sole evidence consistent with
a sedimentary process other than mud settling in the whole SM2 in-
terval, where the fine fraction originated from fallout (Massari et al.,
2002, 2007) as reasonably expected in any sedimentary succession ac-
cumulated below the storm wave base (Clifton, 2006). Indeed, macro-
fossils do not show evidence of preferred orientation, lags or rework-
ing in the whole SM2 unit (Scarponi et al., 2014). Anyhow, even in the
case that the “Pitagora ash” was emplaced by a low-density turbidity
current, its erosive potential was arguably very weak, with negligible
effects on the stratigraphic continuity given the overall high sediment
accumulation rates.

Reasonably, preservation of the “Pitagora ash” in the San Mauro
sub-basin was possible because whitish volcaniclastic material was
deposited within the dark, hypoxic and hardly bioturbated muds of
MIS 19 (Fig. 2b), where sediment mixing was extremely weak. In
well-oxygenated settings, such as the neighboring Marcedusa
sub-basin (Capraro et al., 2011), the correlative tephra layer was prob-
ably destroyed.

The coeval Montalbano Jonico and Chiba sections (Ciaranfi et
al., 2010; Kazaoka et al., 2015) are characterized by much higher
sediment accumulation rates than VdM, which further challenge the
preservation potential of volcaniclastic ashes as individual layers
(Manville and Wilson, 2004). However, these sections host numerous
distinctive tephra layers (Petrosino et al., 2015; Kazaoka et al., 2015).
This paradox can be explained by the evidence that both Montalbano
Jonico and Chiba (Ciaranfi et al., 2010; Kazaoka et al., 2015; Simon
et al., 2016) were affected by a pervasive regime of event sedimenta-
tion (sensu Wheatcroft, 1990; Bentley et al., 2006), which would have
favored the rapid and massive accumulation of fine volcaniclastic ma-
terial in the form of turbidity currents.

3. Materials and methods

We pinpointed the sharp base of “Pitagora ash” as the zero-eleva-
tion surface (Fig. 3). One meter at a time, we removed the regolith in
order to expose a fresh flat surface of the bedrock and, after describing
the physical stratigraphy, we picked blocks of ca. 300 g of sediment at
a regular stratigraphic distance of 25 cm.

Exceptions were made in the layered silty unit, where we picked
a sample from any individual stratum (ca. 20 cm/sample). Following
the results of Rio et al. (1996), in the interval straddling the “Pitagora



ash” we sampled at very high resolution (up to ca. 2 cm) for magne-
tostratigraphic investigation; some of these samples were also used for
stable isotope analyses (Table 2).

In the well-exposed interval above the “Pitagora ash” (SMA sam-
ples; Fig. 3), we extended our investigation up to ca. 13.5 m level
(sample SMA 56; Fig. 3), at the bottom of the sandy SM3 unit (Rio
et al., 1996; Capraro et al., 2005). Below the “Pitagora ash”, we fol-
lowed the same trajectory as above for a stratigraphic distance of ca.
3 m (samples SMA-1 to SMA-14 in Fig. 3), where a small patch of
vegetation forced us to move horizontally by ca. 2.5 m and to proceed
along a contiguous profile (samples SMB1 to SMB 76). Relocation
was safe, because we exploited the marker bed rich in Turritella tri-
carinata that can be traced easily across the VdM badland. We halted
our investigation at the —23.25 m level, at the top of the shallow-wa-
ter SM1 sands (late MIS 22; Fig. 3). Altogether, the sampled interval
is ca. 37 m thick. Samples (Table 2) were dispatched to the Depart-
ment of Geosciences of the University of Padova, where they were
dried, weighed and split into smaller portions to be analyzed. The re-
mains were sealed into small plastic bags and stored in the Departmen-
t's warehouse for future use and reference. A comprehensive checklist
of the analyzed samples is presented in Table 2.

For stable isotope analyses, we processed 143 samples (Table 2).
100 g of sediment were washed on a 63-pm sieve using distilled wa-
ter and oven-dried overnight on the sieves at 50 °C. From the frac-
tion >150 um we handpicked pristine specimens of Uvigerina pere-
grina, which occur continuously throughout the interval analyzed in
this study. Between 10 and 15 specimens were employed for each iso-
topic analysis. Tests were crushed gently under the microscope us-
ing two clean glass plates, transferred to the mass-spectrometer vials
and soaked in 3% hydrogen peroxide, in order to remove any pos-
sible organic contaminant. Analytical grade acetone was then added
and samples were cleaned ultrasonically, after which the excess lig-
uid was siphoned off. Samples were finally oven-dried overnight at
50 °C before the analysis. Carbon dioxide for isotopic analysis was re-
leased using orthophosphoric acid at 70 °C in an automated continu-
ous flow carbonate preparation GasBench II device, and analyzed in a
Thermo Scientific Delta V Advantage Isotope Ratio Mass Spectrome-
ter at the Department of Geosciences of the University of Padova. The
laboratory standard (Carrara marble MAQ1) was calibrated to VPDB
through NBS 19, using the values of —2.20% for the 8'*0 and +1.95%o
for the 8'°C, as recommended by Coplen (1988, 1994). Analytical re-
producibility (as indicated by the MAQ1 analyses) was +0.09% (10c).

For the analysis of calcareous nannofossil assemblages, we investi-
gated 74 samples in the interval between MIS 21 and the MIS 19-MIS
18 transition (Table 2). For each sample, a small fragment of dry sedi-
ment was cleaned and ground onto a cover slip, moistened with a drop
of distilled water and smeared across the cover slip with a wooden
toothpick. The cover slip was then glued to a slide using Norland op-
tical adhesive and cured under U.V. light.

Palynological analyses were performed on 46 samples in the in-
terval between —3.75 and +7.06 m (MIS 19; Table 2). 10 g of clean,
oven-dried sediment were treated following the standard techniques
(HCI, HF, gravitative separation via heavy liquids, ultrasound treat-
ment) modified according to our internal lab procedures. Samples
were mounted on disposable slides by means of glycerin jelly, and ob-
served at the optical microscope with a maximum magnification of
640x. In order to achieve a statistically reliable information, a min-
imum of 100 pollen grains (Pinus excluded) were counted for each
sample. Concentration, preservation and diversity of the pollen assem-
blages can be deemed good for a Pleistocene marine succession.

For magnetostratigraphic investigations, we collected 84 in situ
oriented samples in the stratigraphic interval between —24.80 m and
+6.16 m (Table 2), focusing our attention on the interval encompass-
ing the “Pitagora ash”. Samples were either hand-picked or drilled
using a petrol-powered portable drill and oriented before extraction by
means of a magnetic compass corrected to account for the current mean
magnetic declination of the local geomagnetic field (ca +2° ac-cording
to Istituto Nazionale di Geofisica ¢ Vulcanologia, 2007). Mea-
surements were performed at the paleomagnetic laboratory of the Is-
tituto Nazionale di Geofisica e Vulcanologia in Rome and the natural
remanent magnetization of all specimens was measured in a magneti-
cally shielded room with a DC-SQUID cryogenic magnetometer (2G
Enterprises, USA).

4. Results
4.1. Stable oxygen isotopes

We have reconstructed a continuous 8'%0 stratigraphy for the in-
faunal benthic foraminiferal species Uvigerina peregrina (Fig. 3),
which has long been demonstrated to precipitate its calcite in oxygen
isotopic equilibrium with respect to seawater (Shackleton, 1974). The
880 of this species represents an excellent practical tool for correla-
tion to the open marine records at a global extent, as it holds a strong
glacioeustatic component during the time interval considered in this
study (Shackleton, 1974; Elderfield et al., 2012). To our knowledge,
the VdM record is the only continuous 80 data set of U. peregrina
reconstructed so far for the interval included between MIS 22 and 18 in
the Mediterranean basin.

The benthic 3'*0 values range from 1.62 to 4.34%o vs. VPDB (Fig.
3). The “lightest” (interglacial) values are in good agreement with the
isotopic compositions of modern Uvigerina spp. in the eastern
Mediterranean basin, which range from 1.80%o in the Sicilian Strait to
2.20%o in the Levantine Sea (Vergnaud-Grazzini et al., 1986). Like-
wise, “heavier” (glacial) values compare well to those calculated for
Uvigerina spp. from various water masses during the Last Glacial
Maximum (4.9%0—4.25%o0; Vergnaud-Grazzini et al., 1986). This cor-
respondence is positively surprising, because it is usually assumed that
the isotopic signal in a shelf setting may be heavily disturbed by local
factors, such as temperatures and river runoff, and not correlate to the
open marine records.

A simple visual correlation of our 8'%0 stratigraphy to open marine
reference records (e.g., Lourens, 2004; Lisiecki and Raymo, 2005;
Konijnendijk et al., 2015) confirms that the studied interval spans con-
tinuously from the termination of MIS 22 to full MIS 18.4. Regret-
tably, in spite of the increased sampling resolution with respect to that
available in Capraro et al. (2005), information is still probably poor in
the condensed interval corresponding to MIS 21.

4.2. Paleodepth

According to Scarponi et al. (2014), the local paleodepths varied
from ca. 60—150 m with a minimum of ca. 25-30 m in the SM1 unit
(MIS 24/22), which was not investigated for this work.

Being a sound proxy of the global sea-level (Shackleton, 1967), the
8'%0 record of U. peregrina represents a benchmark for testing the pa-
leodepth curve reconstructed by Scarponi et al. (2014) based on the
fossil mollusk fauna. The correlation is excellent (Fig. 5) and provides
independent verification that, in spite of the shelfal setting, the 50
record of U. peregrina essentially preserves a glacioeustatic compo-
nent.



Table 2
Checklist of the analyses performed for this study

Sample Level (m) Calcareous nannofossils Pollen 5'%08'%05"%05'305'%05'* 050 Magneto
SMAS55 1331 .

SMAS54 13 06 . .

SMAS3 12 81 .

SMAS52 12 56 . .

SMAS50 12 06 .

SMA49 1181 .

SMA48 1156 . .

SMA47 1131

SMA46 11 06 . .

SMA45 10 81 .

SMA44 10 56 . .

SMA43 10 31 .

SMA42 10 06 . .

SMA41 981 .

SMA40 956 . .

SMA39 931 .

SMA38 906 . .

SMA37 881 .

SMA36 856 .

SMA34 806 . .

SMA33 781 .

SMA32 756 . .

SMA31 731 .

SMA30 706 . . .

SMA29 6 81 . .

SMA28 656 . . .

SMA27 636 . .

SMA26 621 . . .

SMAI11_mag 616 .
SMA25 606 . .

SMA24 581 . . .

SMA10_mag 566 .
SMA23 556 . .

SMA22 531 . . .

SMA09 mag 516 .
SMA21 506 . .

SMA20 481 . . .

SMAI19 456 . . . .
SMAI18 431 . .

SMA17 406 . . . .
SMA16 381 . .

SMAI1S 356 . . .

SMAO06_mag 336 .
SMA14 331 . .

SMAI3 306 . . .

SMAO5 mag 286 .
SMA12 281 . .

SMAII 256 . . .

SMA04_mag 236 .
SMA10 231 . .

SMA09 206 . . .

SMAO03 mag 186 .
SMA08 181 . .

SMAO07 156 . . .

SMA06 131 . .

SMAO05 106 . . . .
SMA04 081 . .

SM27 mag 076 .
SMAO03 056 . . .

SMAO1_mag 040 . .
SMAO1_mag 036 .
SMAO02 031 . .

SMM45_mag 023 .
SM28 mag 021 . .
SM28 mag 016 .
SMM 43_mag 014 .
SM29_mag 011 .
SM55e_mag 008 .
SMM 42_mag 007 .
SMAO01 006 . . .

SMM 41 mag 003 .

SMA-01 -001 . . . .




Table 2 (Continued)

Sample Level (m) Calcareous nannofossils 5'%05'%06"08"%05"*05'%05'*0 Magneto
SMM40A_mag -003 .
SM22_mag -004 . .
SM51_mag —005 .
SM52_mag -007 .
SMA17 mag -0 08 . .
SMA17_mag =010 .
SM23_mag -012 . .
LUO02_mag -015 .
SM21_mag -016 . .
SM40-3 -020 . .
SMA-02 -025 .

LU0O4B_mag -026 .
SM24_mag -028 . .
LUO5SA_mag -029 .
SM39_mag -031 . .
SM25 mag -034 . .
SM54b_mag -037 .
SM20_mag -039 . .
SM30B_mag —041 .
SM30_mag —044 . .
SMA-03 —-050 .

SM31A_mag -059 .
SM31B_mag -061 .
SMA-04 -075 .

LU21A_mag -075 .
SM32A_mag -079 .
LU20A_mag -0 81 .
LU20B_mag -083 .
LU22B mag -0 89 .
LU22C mag -091 .
LU23A_mag -093 .
LU23B_mag -095 .
LU23C_mag -097 .
SMA-05 -100 .

LU24A mag -101 .
LU24B_mag -103 .
LU25A_mag -105 .
LU25B_mag -107 .
LU25C_mag -109 .
SM33 mag =110 .
LU26A mag -111 .
SM34B_mag -112 .
LU26B_mag -113 .
LU26C_mag -115 .
SMA-06 -125 .

SM35A_mag -139 .
SM35B_mag -141 .
SMA-07 —150 .

SMA-08 -175 .

SMA-09 -200 .

SMA-10 -225 .

SMA-11 -250 .

SMA-12 -275 .

SMA-13 -300 .

SMA-14 =325 .

SMBO1 -350 .

SMBO02 =375 .

SMBO03 -4 00 .

SMBO04 —425 .

SMBO05 -4 50 .

SMBO06 —475 .

SMBO07 =500 .

SMBO09 =550 .

SMB10 =575 .

SMBI11 -6 00 .

SMB12 —625 .

SMBI13 -6 50 .

SMBI5 =700 .

SMB17 =750 .

SMB19 -8 00 .

SMB20 -825 .

SMB21 -850 .




Table 2 (Continued)

Sample Level (m) Calcareous nannofossils Pollen 5'%05'%06"08"%05"*05'%05'*0 Magneto
SMB23 =900 . .
SMB25 -1025 . .
SMB27 -1075 .

SMB28 =11 00 .
SMB29 -1125 .

SMB30 -1150 .
SMB31 -1175 . .
SMB32 —1200 .
SMB33 -1225 . .
SMB35 -1275 . .
SMB36 —13 00 .
SMB37 -1325 . .
SMB38 -1350 .
SMB39 -1375 . .
SMB40 =14 00 .
SMB41 —1425 . .
SMB42 -14 50 .
SMB43 -1475 . .
SMB44 =15 00 .
SMB45 -1525 . .
SMB46 =15 50 .
SMB47 -1575 . .
SMB48 —16 00 .
SMB49 -16 25 . .
SMB50 —16 50 . .
SMB51 -1675 .
SMB52 =17 00 . .
SMB53 -1725 .
SMB54 -1750 . .
SMB55 -1775 .
SMB56 —18 00 . .
SMB57 -1825 .
SMB58 -1850 . .
SMB59 -1875 .
SMB60 —19 00 . .
SMB61 -1925 .
SMB62 -1950 . .
SMB63 -1975 .
SMB64 =20 00 . .
SMB65 —2025 .
SMB66 —20 50 . .
LUI4 mag —20 60 .
SMB67 —2075 .
SMB68 -2100 . .
SMB69 -2125 .
LUI5_mag -2135 .
SMB70 -2150 . .
SMB71 -2175 .
SMB72 —2200 . .
SMB73 -2225 .
SMB74 -2250 . .
SMB75 —2275 .
SMB76 —23 00 .

The “lightest” 8'%0 values of U. peregrina point to the Maximum
Eustatic (=global) Depth (MED) of MIS 21 and MIS 19. The MED
intervals precede the Local Maximum Depth (LMD) horizons, which
are marked by sediment starvation with development of firmgrounds
rich in Neopycnodonte cochlear (Facies B; Fig. 3, Table 1).

4.3. Calcareous nannofossils

Indigenous calcareous nannofossils are present with variable abun-
dances throughout the studied interval, with highest concentrations
and best preservation in the fine-grained intervals corresponding to
full MIS 21 and MIS 19.

Unfortunately, the chronostratigraphic interval between late MIS
25 and late MIS 16 (from ca. +0.9 to ca. +0.6 Ma), which includes
the VdM record, is especially difficult to assess by means of a con-
ventional marine biostratigraphy. Calcareous nannofossil assem-

blages show no significant evolutionary changes in the Central
Mediterranean basin between the Base common (Bc) of calcareous
nannofossil Gephyrocapsa sp.3/omega (sensu Rio, 1982), calibrated
with MIS 25 (base of the “Pseudoemiliania lacunosa” Zone, ca. 950
ka; Castradori, 1993) and the Top (T) of the species (MIS 15; Raffi et
al., 2006). However, this interval is marked both by episodes of tem-
porary appearance/disappearance and fluctuations in the relative abun-
dance of different species within the genus Gephyrocapsa, which oc-
cur at the regional scale and probably reflect physical and chemical
changes in the photic zone (e.g., Raffi et al., 20006).

At VdM, the distribution pattern of the total gephyrocapsids as-
semblage shows a striking resemblance with the 80 record of U.
peregrina, with peaks of abundance centered on the LMD intervals of
MIS 21 and MIS 19 (Fig. 6a).

Being considered indicative of warm, nutrient-rich surface wa-
ters and low salinity (Maiorano and Marino, 2004), Gephyrocapsa
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sp.3/omega is common to very abundant during interglacial inter-
vals and rare to absent during glacial periods. However, long records
from the central Mediterranean (e.g., Castradori, 1993; Maiorano and
Marino, 2004) concur that G. sp.3/omega is extremely scarce during
the MIS 19 interglacial, being conversely abundant in the contiguous
MIS 21 and 17. This distribution, well documented in other sections
of the Crotone Basin (Capraro et al., 2011), is for the first time recog-
nized unambiguously in the VAM section (Fig. 6¢).

Gephyrocapsa oceanica is believed to thrive in ecological condi-
tions similar to those suggested for G. sp.3/omega (e.g., Thierstein et
al., 1977; Flores et al., 1999; Sprovieri et al., 2003; Melinte, 2005). In
the VdM section, the MIS 19 interglacial is dominated by this species
(predominantly represented by specimens >4 um in size; Fig. 6b), as
also reported by Sprovieri et al. (1998) for the Sicilian Strait.

The species G. caribbeanica is considered indicative of cool to
cold surface waters (e.g., Wells and Okada, 1996, 1997; Flores et al.,
1999; Villa et al., 2005), which are reasonably correlated to glacial in-
tervals. Being the species confined to glacial events and their termi-
nations (Fig. 6d), its distribution pattern in the VdM section seems to
confirm its preference for cool/cold waters. An excellent documenta-
tion is provided by the expanded termination of MIS 20, where the
deep-dwelling Globorotalia inflata, indicative of a persistently cold,
vertically mixed water column (Pujol and Vergnaud Grazzini, 1995;
Hemleben et al., 1989) is abundant (Capraro et al., 2005; our unpub-
lished data).

Regrettably, it was not possible to detect the T of Reticulofenestra
asanoi, which would occur within the upper MIS 22 sands (Raffi et
al., 2006), where nannofossils are only represented by a reworked as-
semblage (Rio et al., 1996).

We also accomplished a qualitative evaluation of the amount of
reworked nannofossils with respect to the total indigenous assem-
blage (Fig. 6e). Estimates have been calculated as follows: A (abun-
dant) = 1-2 reworked specimens per field; C (common) = 1 reworked
specimen per 1-2 fields; F (few)=1 specimen per 5 fields; R
(rare) = 1 specimen per more than 10 fields. As expected, the maxi-
mum input of displaced material occurs in correspondence to glacial
intervals (MIS 22, MIS 20, MIS 18.4), characterized by low sea level
and massive sediment yield to the basin. In contrast, a native nanno-
fossil population is dominant during interglacial periods, when the ter-
restrial sources of terrigenous input were farthest from the sedimenta-
tion area.

4.4. Pollen

We processed and analyzed 46 samples, which increased greatly
the information on the stratigraphic interval straddling MIS 19 with
respect to that previously available (17 samples; Capraro et al., 2005).
The alternation between different vegetation states permit subdividing
the studied interval into three main segments (ecozones), as follows

(Fig. 7).
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Segment A: non-arboreal plants (both steppe plants and common
herbs) are dominant. By comparison to the present-day distribution of
vegetation in the Central Mediterranean area, this vegetation points
to very dry climates (Capraro et al., 2005; references therein; Bertini
et al., 2015). However, the abundance of non-arboreal plants in Seg-
ment A, which correlates to the glacial termination of MIS 20, may
also be a consequence of the landward retreat of fluvial entry-points in
response to the sea-level rise associated to the deglaciation, with de-
creasing riverine transport of pollen from the inner mainland in favor
of airborne grains from the littoral areas.

Segment B: it corresponds to the full MIS 19 interglacial (inter-
val B in Fig. 7). Temperate (mesothermic) forest elements, such as
Tilia, Carpinus and Ostrya, with deciduous Quercus the dominant
pollen type, attain to very high percentages. Evergreen trees, such as
Quercus ilex, Olea and Phillyrea are also well represented. This for-
est assemblage is grossly similar to the vegetation that nowadays pros-
pers in the inner mainland of the Mediterranean regions (Noirfalise et
al., 1987), suggesting that MIS 19 was characterized by a “modern”
vegetation and climates similar to the present day. However, we ob-

served a significant number of pollen grains of “Tertiary” elements,
such as Carya and Pterocarya, presently not indigenous in the
Mediterranean basin (e.g., Bertini, 2003). This vegetation state is in-
terrupted by three minor events (NA1-2, MF1) that possibly indicate
transient climatic changes.

Segment C is characterized by a marked instability, as the “moun-
tain” forest group (mainly Abies) increases gradually beginning from
the peak 50 interglacial and becomes intermittently dominant at the
transition to glacial MIS 18.4, with a cluster of discrete peaks of grow-
ing amplitude (events CF2-4 in Fig. 7). “Exotic” conifers for the mod-
ern Mediterranean flora (Picea, Tsuga and Cedrus) are also common.
This assemblage points to cool/cold climates, with a minimum annual
rainfall rate significantly higher than the present day in the area.

Analysis of the pollen data also reveals a number of minor fluc-
tuations, which are repeatedly in keeping with changes in the local
stratigraphy and/or oscillations in the isotopic curve.

The temperate forest reaches its highest abundance at ca. 2 m
level, immediately below the base of the LMD interval (Fig. 7),



which also documents the period of maximum sediment starvation.
From this point upwards, the temperate forest declines, and a remark-
able increase of the NAP group is observed that peaks in correspon-
dence to the top of the LMD interval (event NA1 in Fig. 7). Immedi-
ately above, sediment accumulation rates and arboreal pollen increase
again, with a short peak of “mountain” forest elements (MF1 event;
Fig. 7). The glacial inception of MIS 18 (Segment C) is characterized
by a marked instability in both 3'%0 and vegetation, which alternates
rapidly between two forested states. Specifically, the short-lived inter-
vals of “light” 5'%0 (MF2-4 events in Fig. 7) are characterized by sud-
den increases in “mountain” forest elements, while a temperate decid-
uous forest develops, albeit with decreasing values, during the inter-
vening “heavy” 8'°0 event.

As discussed above, being consistent with the stratigraphic archi-
tecture, this progression can equally be explained as a signal of grad-
ually deteriorating climates and/or the response to changes in the sed-
imentary yield to the basin. Indeed, these oscillations may reflect ei-
ther the altitudinal migration of vegetation belts in response to chang-
ing climates, or the amount and type of pollen grains transported
to the basin via river runoff. Higher rainfall rates would increase
the drainage within the catchment basin, thus augmenting the river
runoff and the transport of “mountain” pollen grains to the coast, and
vice-versa, independently from the dynamics of vegetation belts. Any-
how, we stress that the concurrently erratic behavior of pollen and
3'%0 at the MIS 19 - MIS 18 transition is hardly incidental, as con-
firmed by the occurrence of similar sedimentary and isotopic patterns
at the beginning of MIS 20 (Fig. 3).

4.5. Magnetostratigraphy

The magnetostratigraphic record achieved at VdM improves that
presented in Rio et al. (1996), where the M-B geomagnetic reversal
was reported to occur within a ca 1.5 m-thick interval.

Characteristic remanent magnetization (ChRM) directions for the
sediments were isolated by means of an AF demagnetization in 15
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steps up to 70 mT and, for 18 specimens, by a stepwise thermal de-
magnetization in 9 steps up to 420 °C. We obtained ChRM directions
from 38 samples, with magnetization components isolated by the prin-
cipal component analysis of Kirschvink (1980). For the fine-grained
sediments of the entire VdM succession, a stable ChRM was identi-
fied after the removal of a viscous component at AF<10-20 mT (see
also Rio et al., 1996). In the upper part of the section, demagnetiza-
tion analyses indicate a stable paleomagnetic behavior, as the demag-
netization vectors are aligned along linear paths towards the origin
after removal of little viscous low coercivity remanence component;
therefore, ChRM directions were computed by fitting a linear compo-
nent between 10 mT and 60-70 mT. A normal polarity is documented
in the interval from +0.14 m to +6.16 m, while a stable reverse po-
larity is reported from —0.11 m to the bottom of the studied interval
(—21.35 m) (see ChRM inclination values in Fig. 8a).

Limited to the lower part of the studied interval, below ca —0.6 m,
ChRM analyses indicate the acquisition of a spurious gyromagnetic
remanent magnetization during the AF demagnetization treatment in
fields higher than 50 mT. This behavior points to the presence of vari-
able amounts of iron sulphides, probably greigite (Fe;S,; Fu et al.,
2008), which gradually increase downwards to the bottom of the stud-
ied interval. For these samples, ChRM directions were computed by
fitting a straight line to directions measured between ca 10 mT and
50 mT.

We performed a number of rock magnetic analyses in order to in-
vestigate the magnetic mineralogy carrying the characteristic rema-
nence. The matter is discussed thoroughly in a dedicated paper (Macri
et al., submitted), to which we refer for further details. Rock magnetic
investigations indicate that magnetite is the main magnetic carrier for
all of the measured specimens along the section, confirming the pres-
ence of iron sulphides only in the lower part of the stratigraphy, well
below the “Pitagora ash” (Macri et al., submitted).

Conventional paleomagnetic techniques and data treatment that
have been used in this study point to an unequivocal recognition
of the M-B geomagnetic transition in a 3 cm-thick interval between
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+0.11 and +0.14 m (midpoint of the transition at +0.125 m; Fig. 8b)
above the “Pitagora ash”. Two anomalous short intervals of normal
polarity were detected from —0.03 m to —0.2 m and from —1.05 to
—1.10 m (Fig. 8a), which might possibly be related to remagnetization
processes (Macri et al., submitted).

5. Age model

An essential prerequisite in reconstructing a robust age model is
the choice of an appropriate tuning target. As a common practice, in-
dividual isotope records worldwide are calibrated via the compari-
son to astronomically tuned, benthic 3'%0 deep-water successions (e.g.
Shackleton et al., 1990), or 5'%0 stacks such as that of Lisiecki and
Raymo (2005). However, geographic and oceanographic differences
between the study area and the open ocean may be vast and potentially
misleading. Therefore, the most suitable tuning target should be cho-
sen taking into account both the local depositional setting and circula-
tion systems, as well as the regional evapotranspiration and tempera-
ture budgets.

5.1. Present-day oceanographic setting

The Crotone Basin is located at the northwestern margin of the
Ionian Sea (Central Mediterranean; Fig. 9). The interplay between re-
gional freshwater and heat budgets promotes an anti-estuarine ther-
mohaline circulation at the basin scale, sustained by a surface in-flow
through the straits of Gibraltar and a congruent deep-water out-flow
(Béthoux et al., 1992). The Atlantic inflow evolves rapidly to form the
Modified Atlantic Waters (MAW), which are constrained to a ca. 200
m-thick surface layer that experiences a gradual in-crease in
temperature and salinity while flowing eastward (Wiist, 1961;
Malanotte-Rizzoli and Hecht, 1988). During the winter sea-son, cold
northern winds cause heat loss and vertical convection. This
eventually results in sinking of the MAW and enucleation of the
Levantine Intermediate Waters (LIW; Malanotte-Rizzoli and Hecht,
1988; Lascaratos et al., 1993), which flow westward at a depth be-
tween 200 and 600 m, persistently below the MAW (Borzelli et al.,
2009; Gacic¢ et al., 2011;
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Fig. 9. -The upper thermohaline circulation and water mass pathways in the central
Mediterranean (modified from Malanotte-Rizzoli et al , 2014) Solid lines mark water
mass pathways and permanent dynamic features AIS: Atlantic-lonian Stream MAW:
Modified Atlantic Waters IA: Ionian Anticyclones MIJ: Mid-Ionian Jet C: location of
the Crotone Basin KC: location of Core KCO01b (Castradori, 1993)

Bensi et al., 2013). The LIW also play a key role in generating the
Mediterranean Deep Waters (MDW), which circulate at the bottom of
the basin (e.g., Malanotte-Rizzoli et al., 1999, 2014).

The isotopic composition of surface waters in the lonian Sea is
consistent, with minor variations at the basin scale (Pierre, 1999). Sur-
face waters offshore from the Crotone peninsula do not differ signif-
icantly, in terms of temperature and salinity, from those of the open
Ionian Sea (Fig. 9; Malanotte-Rizzoli et al., 1997). By contrast, com-
position of the MAW (Pierre, 1999) is very different from both the
Atlantic (Frew et al., 2000) and the deeper Mediterranean waters (i.e,
LIW and MDW). Accordingly, the correlation between regional shelf/
slope 880 successions and the deep-sea records, both from the open
ocean and the Mediterranean, should be approached very carefully.

5.2. The target curve

Mediterranean §'30 records straddling the MIS 21-MIS 19 inter-
val are not common. Furthermore, only few have been calibrated by
means of an independent chronology. One of the longest and best-doc-
umented 3'%0 successions available for the Central Mediterranean
area is the planktonic record of Globigerinoides ruber reconstructed
for the sapropel-bearing KCO1b core, recovered in the central lonian
Sea (Castradori, 1993, Fig. 9). Lourens (2004) exploited the sapropel
record of the KCO1b core for achieving an astronomical tuning of the
succession, which was also validated by comparison to other Mediter-
ranean and open ocean successions. The KCO01b record represents the
backbone of the Mediterranean isotopic Stack of Wang et al. (2010)
(W2010 herafter), a merger of individual planktonic 5'°O records re-
covered in the Central and Eastern Mediterranean area. The shape of
the W2010 approximates closely that of the KCO1b core alone, con-
firming that the isotopic composition of surface waters in the open
Central-Eastern Mediterranean is similar at the regional scale (Pierre,
1999). The sapropel chronology of Lourens (2004) was recently re-
vised by Konijnendijk et al. (2014) based on the assumption that the
Al/Ti ratio in sediments is the best proxy of the precessional forcing
on the African monsoon system, which controls the Nile riverine input
and the eventual deposition of sapropel layers in the eastern Mediter-
ranean basins.

Konijnendijk et al. (2015) employed the same approach for tuning
the Mediterranean benthic 8'°0 stack (K2015 hereafter), which was
reconstructed by combining the 8'%0 records of two deep-sea ODP
cores recovered in the open Eastern Mediterranean (water depth of ca.
2000 m and 2600 m b.s.l.). The Authors strive to demonstrate that the
mode and tempo of the events documented in the K2015 record match
those of the LR04 stack of Lisiecki and Raymo (2005), thus implying
that the Eastern Mediterranean Deep Waters (EMDW) mimic the deep
open ocean signal. At once, this conclusion undermines the suitabil-
ity of the K2015 stack as target for calibrating the shelfal VdM §'%0
record, which essentially reflects the dynamics of the much shallower
MAW.

Comparison between the K2015 and W2010 records shows that the
age models of Lourens (2004) and Konijnendijk et al. (2015) differ
by a significant and variable offset that, in the interval of interest, at-
tains to a maximum of ~8 kyr at glacial terminations and ~6 kyr at
glacial inceptions (Fig. 10a). The different archives (i.e., benthic vs.
planktonic species) and tuning methods employed for reconstructing
each record may account for this mismatch, which however justi-
fies only partly the observed offset. Konijnendijk et al. (2014) ad-
mit that in the critical interval correlative to the VAM record (be-
tween 700 ka and 950 ka), where no sapropel layers are present,
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the response of proxies is contradictory and the tuning is problematic,
suggesting that the ensuing chronology may be ambiguous.

We attempted a visual correlation between the VAM and K2015
records, showing that the correspondence is questionable (Fig. 10b).
This is not unexpected because, as anticipated, the K2015 and VdM
records reflect the dynamics of vastly different water masses, namely
the MAW and EMDW. Correlation is based on 9 control points (Table
3) that provide a reasonable match only at the full MIS 19 interglacial
and, less convincingly, in the contiguous intervals (Fig. 10b). Corre-
spondence is extremely poor in the interval corresponding to the late
MIS 21 (ca. between 855 and 815 ka), where the K2015 stack exhibits
a unique cluster of four “light” 3'%0 events that prevents any reason-
able attempt of correlation to the VdM record (Fig. 10b).

On the contrary, comparison between the VdM and W2010 5'%0
curves, based on 12 control points (Table 4), shows a striking likeli-
ness (Fig. 10c), confirming that the VdM and W2010 records reflect
similar seawater properties (Fig. 9). Indeed, the estimated water depth
at VdM during the deposition of the SM2 unit oscillates between ca.

60—150 m (Scarponi et al., 2014), well into the range at which the
MAW reside. In spite of the similar patterns shown by the VdM and
W2010 records, absolute 8'°0 values are expectedly dissimilar, in re-
sponse to local influences such as riverine input, evapotranspiration
and small-scale temperature gradients. In the case of infaunal species
sensitive to pore-water conditions during the shell calcification, such
as Uvigerina peregrina, differences in depth habitats and microhabi-
tat effects are especially significant as well. However, given the short
distance between the KCO1b recovery site and the Crotone Basin (ca.
300 km; Fig. 9), we can assume that the 5'%0 events documented by
the VdM and W2010 records are virtually synchronous.

The chronology of Konijnendijk et al. (2015) is likely to repre-
sent an improvement with respect to that of Lourens (2004), and com-
paring the VdM succession to a benthic record may appear an advis-
able choice. However, given the problems discussed above and the
poor visual correspondence, the ambiguous relationship between the
VdM and K2015 records adds a large uncertainty to the reconstructed
age model, which virtually defeats the purpose of exploiting a more
refined chronology. Therefore, we decided to develop an age model



Table 3

Stratigraphic and chronostratigraphic position of the control points employed for recon-
structing the age model for Valle di Manche section and their corresponding age accord-
ing to the K2015 stack of Konijnendijk et al (2015) The average sediment accumula-
tion rates calculated between contiguous tie points are also reported

Level Age Average sediment accumulation
(m) (ka)  Description rates (cm/kyr)
13 06 743 MIS 18

37
756 758 MIS 18

22
331 777 Glacial inception of MIS 18

51
—-175 787  Midpoint of MIS 20-MIS 19

transition

96
=750 793 MIS 20

50
—-1550 809 MIS20

8
-1575 812 Glacial inception of MIS 20

7
—-1950 865 MIS 215

36
—2275 874  Midpoint of MIS 22-MIS 21

transition
Table 4

Stratigraphic and chronostratigraphic position of the control points employed for recon-
structing the age model for Valle di Manche section and their corresponding age accord-
ing to the W2010 stack of Wang et al (2010) The average sediment accumulation rates
calculated between contiguous tie points are also reported

Level  Age Average sediment accumulation
(m) (ka)  Description rates (cm/kyr)
13 31 740  MIS 18

29
806 758  MIS 18

31
281 775 Glacial inception of MIS 18

20
120 783  Peak MIS 19

27
—-175 794  Midpoint of MIS 20-MIS 19

transition

94
-1025 803  MIS 20

44
—-1550 815 MIS20

3
-1575 823 MIS211

6
-1650 836 MIS212

15
—-1825 848 MIS213

10
-1950 86l MIS 215

70
—2300 866  Midpoint of MIS 22-MIS 21

transition

for the VAM succession employing the W2010 record as target curve.
We estimate that the offset between our age model and the chronology
provided by comparison to the K2015 curve is in the order of a few
kyr, possibly smaller than the error commonly associated to the astro-
nomical tuning method (ca. 5 kyr; Imbrie et al., 1984; Martinson et al.,
1987).

According to our reconstruction, the studied record spans from ca.
740 to 870 ka (Fig. 10). The proposed age model is consistent with
the expected chronology and respectful of the raw data. Indeed, the
VdM %0 record is virtually not stretched or deformed in the critical

MIS 20-MIS 18 interval with respect to the original stratigraphy (Fig.
3), suggesting that our age model is robust across MIS 19.

5.3. Sediment accumulation rates

The estimated sediment accumulation rates provide a simple yet
valuable gauge of the robustness of an age model. Being calculated by
linear interpolation, they change accordingly to the stratigraphic po-
sition of control points and their putative age. However, sediment ac-
cumulation rates must be coherent with the local depositional setting,
and they should vary significantly only in correspondence to a congru-
ent change in the physical stratigraphy.

The sediment accumulation rates calculated for the VdM section
(Table 4) range from a minimum of ca. 3 cm/kyr to a maximum of ca.
94 cm/kyr. As expected, relative minima characterize the fine-grained
intervals corresponding to the interglacials of MIS 21 and MIS 19 (ca.
10 and 27 cm/kyr, respectively). In contrast, sedimentation rates in-
creased during the MIS 20 glacial (up to ca. 44 cm/kyr) and during the
MIS 22-MIS 21 and MIS 20-MIS 19 transitions (58 and 94 cm/kyr,
respectively).

In the critical interval correlative to full MIS 19, i.e. across the
M-B boundary, the average sediment accumulation rates are in the or-
der of ca. 27 cm/kyr. These values are significantly higher than those
(ca. 13 ecm/kyr) proposed by Capraro et al. (2005), but more in keep-
ing with those reported for the muddy intervals in many shelfal Pleis-
tocene sections of the Crotone Basin (Capraro et al., 2011).

In general, sediment accumulation rates at VdM change in agree-
ment with both the physical stratigraphy and the local 3180 curve,
pointing to a strong glacioeustatic forcing on sedimentation. Occa-
sionally, eustasy was probably outpaced by sediment yield to the basin
margin in response to severe climatic conditions and/or local subsi-
dence, such as during the glacial terminations of MIS 22 and espe-
cially MIS 20 (Massari et al., 2007). Based on the sediment accumula-
tion rates calculated for the interglacial maxima of MIS 21 and 19 (ca.
10 and 27 cm/kyr, respectively), we estimate that the LMD lags be-
hind the MED by ca. 5 kyr. This significant time lag is likely to reflect
the strong local subsidence that persisted in creating accommodation
space, and therefore deepening, well after the end of the eustatic trans-
gression.

6. Discussion

Data presented in this paper yielded new and essential information
on the VdM section, especially in terms of timing and duration of the
main events that characterize the Early-Middle Pleistocene transition.
It is held that the physical stratigraphic organization of the VdM sec-
tion reflects in detail the dynamics of regional and global climates,
which are validated by several proxies, such as stable oxygen isotopes,
calcareous nannofossils, pollen and mollusk faunas. In particular, we
accomplished an improved magnetostratigraphic documentation of the
M-B geomagnetic reversal, which represents the main criterion for
defining the GSSP of the Ionian Stage (Richmond, 1996; Cita et al.,
2006; Head et al., 2008).

Altogether, the collected data point univocally to a continuous
and undisturbed stratigraphic record of the MIS 20-MIS 18 inter-
val, with no significant gaps or duplications. The depositional set-
ting of the VdM section is in full agreement with the coeval stratig-
raphy at the Montalbano Jonico section (D'Alessandro et al., 2003;
Stefanelli, 2003). However, in contrast with the latter, which is rep-
resented by a monotonous stack of hemipelagic muds (C iaranfi et
al., 2010), changes in the local sea level at VdM are underlined
by an articulated stratigraphic architecture, which reflects the inter-
play between eustasy -



sediment supply and tectonics (Massari et al., 2007). This
arrangement is a bonus, as it provides a robust validation of indepen-
dent proxies of sea level, such as the 3'%0 of benthic foraminifers and
mollusk faunas. Based on the estimated sediment accumulation rates
across the M-B reversal (ca. 27 cm/kyr), we derived an age of 786.9
for the mid-point of the M-B polarity transition. Furthermore, our data
point to a very short duration of the geomagnetic flip, in the order of
100 years or less. The age error associated to the main geomagnetic
event is ca. = 5 kyr, based on the inherent uncertainty of the orbital
tuning method (Imbrie et al., 1984; Martinson et al., 1987). If we only
consider the uncertainty in positioning the reversal (+1.5 cm), the er-
ror is much smaller (ca. + 55 yr).

In spite of the paleomagnetic data collected globally in the last
decades from sedimentary (terrestrial and marine) and volcanic
records, the age, duration and field geometry of the M-B reversal
still remain controversial (see Singer, 2014; Head and Gibbard, 2015;
Valet and Fournier, 2016 for a review). Our results differ from data
presented from marine sediment cores by Channell et al. (2010) and
Valet et al. (2014), but are consistent with many reconstructions of
the dynamics of geomagnetic field reversals documented worldwide
(Hyodo et al., 2006; Macri et al., 2010; Zhao et al., 2014; Liu et al.,
2014).

Moreover, our chronology is in agreement with that calculated for
the Sulmona lacustrine record (Central Italy) where, based on the ra-
diometric dating of several tephra layers, the M-B reversal yielded an
age of 786.1 £ 1.5 ka with an estimated duration of a few decades
(Sagnotti et al., 2014, 2016). It is also very close to the age of
787+ 1.8 ka calculated for the North Atlantic IODP Site U-1313
core, according to the astronomical tuning of the local §'*0 record
(Expedition 306 Scientists, 2006; Ferretti et al., 2015). Notably, the
VdM, Sulmona and IODP U-1313 records point to a very similar age
of the M-B reversal in spite of the different approaches used to de-
velop each of the age models (visual correlation to a regional tuning
target, radiometric ages and astronomical tuning, respectively), which
rule out the existence of methodologic biases.

At VdM, ChRM directions indicate that the midpoint of the M-B
reversal is located in correspondence to the full MIS 19 interglacial,
specifically ca. 12.5 cm above the base of the “Pitagora ash” (Fig. 8).
The latter provides a prominent marker of the geomagnetic event, al-
though it was not possible so far to recognize the “Pitagora ash” out-
side the San Mauro sub-basin. However, the (potential) lack of hori-
zontal continuity of the “Pitagora ash” is not a concern. Since the early
work of Steno (1669), it is common knowledge that sedimentary lay-
ers do not extend indefinitely, being their limits circumscribed by the
shape and size of the basin where, by definition, they were deposited.
Not by chance, the lateral (horizontal) physical continuity of strata is
not contemplated among the guidelines for the definition of a GSSP
(Remane et al., 1996). By contrast, an excellent long-distance correla-
tion potential is demanded for the “most relevant marker events” that
approximate the boundary (Remane et al., 1996). In defining the GSSP
of the Ionian Stage, the “most relevant marker event” — i.e., the main
guide criterion — is the M-B boundary (Richmond, 1996; Cita et al.,
2006; Head et al., 2008), which can be pinpointed precisely and unam-
biguously in the VdM section (Fig. 8). Therefore, other than being a
mere tool for stratigraphic correlation at the basin scale, the “Pitagora
ash” can be employed as marker bed for assessing the stratigraphic po-
sition of the M-B boundary and, consequently, to serve as the physical
reference level for defining of the GSSP of the Ionian Stage.

Furthermore, the VdM section represents one of the component
segments of the composite stratigraphic succession of the Crotone
Basin (Capraro et al., 2011), where the GSSP of the Calabrian Stage

was defined (Vrica section; Pasini and Colalongo, 1997; Cita et al.,
2012). Indeed, the stratigraphic succession exposed in the San Mauro
sub-basin and neighboring areas extends well below the base of the
Calabrian and, once framed in the context of the local stratigraphic
succession, the VAM section can be physically linked to the Vrica sec-
tion for defining the Unit Stratotype of the Calabrian Stage.

7. Conclusions

Data presented and discussed in this paper demonstrate that the
VdM section stands out as one of the best documented records avail-
able straddling the Lower-Middle Pleistocene boundary. This assump-
tion is based on the following evidences:

- the VdM section provides a continuous and well-documented record

of the interval between late MIS 22 and full MIS 18. In particular,

the section provides an excellent record of the MIS 19 interglacial,
in correspondence of which the GSSP should be placed;

the VdM section preserves a manifold, detailed and well time-con-

strained history of terrestrial and marine climates and sea-level

across the Early-Middle Pleistocene transition;

- the VdM section holds a sharp record of the M-B geomagnetic re-
versal, the age of which (ca. 786.9 ka), obtained by tuning to the
open-sea 8'*0 records, is in agreement with many records globally;

- the VdM section fulfills all the requirements of Remane et al. (1996)
for hosting the GSSP of the lonian Stage (base of the Middle Pleis-
tocene Subseries), such as a good and easily accessible exposure,
continuous and expanded open-marine sedimentation, absence of
synsedimentary and tectonic disturbances, abundant and diversified
fossils, absence of vertical facies changes near the boundary, etc.

Hence, we deem that the GSSP of the lonian Stage should be de-
fined at the very base of the “Pitagora ash”, i.e. 12.5 cm below the
mid-point of the M-B magnetic reversal. We strongly believe that
defining all the GSSPs of the Neogene in a consistent geographic and
depositional setting — that is, the Mediterranean basin — would pro-
vide huge benefits, because correlation among contiguous sedimen-
tary basins is more straightforward and can take advantage of a region-
ally-validated calibration of the main bio-magnetostratigraphic and
climatic proxies.
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