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ARTICLE INFO ABSTRACT

Handling editor: Biagio Giaccio Unconformity-Bounded Stratigraphic Units (UBSUs) can provide an invaluable approach to the geological

mapping of Quaternary successions by delineating large-scale stratigraphic patterns that reflect changes in ac-

Keywords: commodation and sedimentation mostly dictated by glacio-eustatic variations. Through the example of the Po
Sequenc? stratigraphy Basin, we document that a mosaic of 115 stratigraphic units, which reflect local nomenclature from 45 official
Allostratigraphy geological maps, can be grouped within a markedly simpler and unambiguous framework of few regionally
UBSU ! ) 3

Synthem mappable UBSUs using the concepts of cyclostratigraphy. Synthems that developed in response to 100-kyr,
Pollen eccentricity-driven glacio-eustatic fluctuations, with characteristic transgressive-regressive facies patterns and

a diagnostic pollen signature, represent the building block of the Middle Pleistocene-Holocene subsurface stra-
tigraphy and are here suggested to serve as a primary guide to geological mapping well beyond the regional
scale. Synthem boundaries correspond to transgressive surfaces and correlative fluvial abandonment surfaces:
they are marked by remarkable landward facies shifts that developed at the onset of interglacial periods in
response to abrupt sea-level rise. Synthems may include internal unconformities of local to regional extent that
reflect transition to glacial/cold periods and that are correlated to laterally extensive fluvial channel-belt sand/
gravel bodies. Synthem boundaries can be tracked with good continuity through the depocenters; in contrast,
they are correlated only tentatively into uplifted fluvial terraces and glacial/fluvioglacial successions buried or
cropping out discontinuously at basin margins or across buried thrust fronts. Prominent key horizons demarcate
the onset of the present (MIS1), last (MIS5e), and penultimate (MIS7) interglacials. Such surfaces offer the
highest potential for global correlation.

Marine isotope stage

1. Introduction

Geological maps portray interpretive 3D views of rock, sediment and
soil units. In modern alluvial and coastal lowlands, made up almost
entirely of non-lithified Quaternary deposits, standardized procedures of
interpretation and mapping may offer an essential key for predicting
subsurface stratigraphic architecture and improve the scientific basis for
natural resource sustainable exploitation and land-use decisions.

* Corresponding author.
E-mail address: alessandro.amorosi@unibo.it (A. Amorosi).
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The Quaternary period has geologically unique characteristics and
highly resolved stratigraphic successions that record the couplings of
astronomical forcing, climate change, and glacial dynamics. The so-
called ‘Mid-Pleistocene revolution’, which occurred around 900 ka
(Gibbard and Lewin, 2016), denotes the marked prolongation and
intensification of glacial-interglacial cycles, with the shift from 41 kyr to
100 kyr orbital rhythm (Lisiecki and Raymo, 2005). Throughout this
chronologically well constrained interval of time (Martinson et al.,
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1987), Earth's climate experienced high-amplitude interglacials coupled
with large-scale eustatic oscillations, on the order of 100-120 m
(Waelbroeck et al., 2002; Rohling et al., 2009, 2014) and glacio-eustasy
acted as an important controlling factor of alluvial stratigraphy
(Busschers et al., 2005; Gibling et al., 2005).

During interglacials, coastal lowlands worldwide were repeatedly
affected by marine incursions, whereas during glacial periods they were
subject to river incision, incised-valley formation and widespread allu-
vial plain development (Zaitlin et al., 1994). Within this context, typi-
fied by the rhythmic alternation of coastal/marine and continental
successions, simple lithostratigraphic criteria are poorly suited for
describing the Quaternary record, whereas breaks in vertical successions
(stratigraphic discontinuities) appear as much more effective bounding
surfaces of stratigraphic units (Miall, 1997).

Event stratigraphy, which includes sequence stratigraphy
(Posamentier et al., 1988; Van Wagoner et al., 1988), UBSU stratigraphy
(based on Unconformity-Bounded Stratigraphic Units, Salvador, 1994)
and allostratigraphy (North American Commission on Stratigraphic
Nomenclature-NACSN, 2005), places emphasis (i) on the genetic re-
lations between sediment bodies, and (ii) on the identification as
bounding surfaces of stratigraphic discontinuities that have
time-stratigraphic significance.

In UBSU stratigraphy and allostratigraphy, unconformity-bounded
stratigraphic units should be extended only as far as both bounding
unconformities are identifiable. Sequence stratigraphy includes more
flexible criteria of stratigraphic subdivision, since bounding surfaces of
depositional sequences may also include ‘correlative conformities’: this
makes the sediment routing traceable to deep waters. However,
sequence stratigraphy has no standardized stratigraphic code
(Catuneanu et al., 2009), and for this reason it can be used only infor-
mally. In contrast, UBSU stratigraphy and allostratigraphy can be used
for geological mapping through their fundamental units: synthems and
alloformations, respectively (Salvador, 1994; NACSN, 2005).

For the Quaternary record, UBSU stratigraphy and allostratigraphy
have been applied to glaciogenic successions (Rasanen et al., 2009;
Slomka and Eyles, 2015; Ojala et al., 2018; Hodder et al., 2024) and to
aeolian deposits (Leighton et al., 2013), often in association with mor-
phostratigraphy (Hughes, 2010). These methods have also been widely
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applied for studying floodplain stratigraphy: well documented examples
are from the Texas Gulf coastal plain (Autin, 1992; Blum and Valastro,
1994; Blum et al., 1994; Heinrich, 2006), Arizona (Huckleberry et al.,
2013), Korea (Rhee et al., 1998), France (Straffin, 2001) and Spain
(Houben et 2011). Conversely, the application of such
unconformity-related units to the subsurface geological mapping of
Quaternary successions has been scarcely explored, with few exceptions
from the offshore record (Rijsdijk et al., 2005).

The Po Plain (Fig. 1), one of the widest alluvial plains in Europe,
preserves an almost continuous record of Middle Pleistocene-Holocene
stratigraphy (Amorosi et al., 2004; Campo et al., 2020; Bruno et al.,
2024), owing to high subsidence rates and stratigraphic expansion. In
this region, the Quaternary stratigraphic architecture is highly sensitive
to sea-level changes and glacial/interglacial shifts, thus serving as an
excellent site for exploring the application of unconformity-related units
to geological mapping.

The shift from lithostratigraphy to UBSU stratigraphy was proposed
in Italy as the standard for the geological mapping of Quaternary de-
posits within the CARG project - Geological Map at 1:50,000 scale
(Pasquare et al., 1992) and used during the following decades for the
production of 45 sheets of the Geological Map of Italy at 1:50,000 scale
in the Po Plain area (Fig. 1). Although the incorporation of the concept
of geologic time into geological maps was meant to improve their
effectiveness, and the Italian geological mapping guidelines (Pasquare
et al.,, 1992; Germani and Angiolini, 2003; Galluzzo et al., 2009; Vita
et al., 2022) provided guidance on the application of UBSUs, their rep-
resentation was applied with remarkable regional variations, reflecting
the different geological surveying methods in the Alpine foreland, the
plain and the Apennine margin, but also a lack of obvious criteria for
hierarchical classification at the basin scale. Multiple approaches of
stratigraphic subdivision, stemming from the partitioning of the Italian
Quaternary research community into distinct ‘schools’, each with spe-
cific scientific backgrounds and relying on markedly different Quater-
nary datasets, resulted in significantly heterogeneous and largely
inconsistent classification schemes across the published Sheets of the
Geological Map (Fig. 2), which were moreover produced over more than
20 years (Chiarini et al., 2008; D'Orefice, 2009). In addition, the delin-
eation of geological map sheets did not facilitate the application of
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Fig. 1. Published Sheets of the Geological Map of Italy at 1:50,000 scale in the Po and Venetian-Friulian plains and section traces of Figs. 4-6 and 8-10. 65: Sheet
Maniago, 66: Udine, 86: S. Vito al Tagliamento, 87: Palmanova, 96: Seregno, 97: Vimercate, 98: Bergamo, 99: Iseo, 107: Portogruaro, 118: Milano, 121: Brescia, 128:
Venezia, 147: Padova Sud, 148-149: Chioggia-Malamocco, 155: Torino Ovest, 156: Torino Est, 157: Trino, 178: Voghera, 179: Ponte dell’Olio, 180: Salsomaggiore
Terme, 181: Parma Nord, 182: Guastalla, 184: Mirandola, 185: Ferrara, 187: Codigoro, 194: Parma Sud, 200: Reggio nell’Emilia, 201: Modena, 202: S. Giovanni in
Persiceto, 203: Poggio Renatico, 204: Portomaggiore, 205: Comacchio, 219: Sassuolo, 220: Casalecchio di Reno, 221: Bologna, 222: Lugo, 223: Ravenna, 237: Sasso
Marconi, 238: Castel S. Pietro Terme, 239: Faenza, 240: Forli, 241: Cervia, 254: Cesena, 256: Rimini, 267: San Marino. Background map: Digital Elevation Model
(DEM) of Northern Italy derived from the Shuttle Radar Topographic Mission data (SRTM).
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Fig. 2. Nomenclature and timing of stratigraphic units adopted in the Sheets of the Geological Map of Italy at 1:50,000 scale (Servizio Geologico d’Italia, 2002;
2003a-b; 2004; 2005a-d; 2007a-b; 2008a-c; 2009a-r; 2011a-c; 2011a-c; 2012; 2014a-f,g; 2015; 2016a-c; 2024; 2025a-c) in the study area (for location, see Fig. 1).
The scheme also includes units cropping out at basin margins. Local units are not reported. Vertical and lateral stratigraphic relations are simplified. Pink lines depict
stratigraphic unconformities of chronostratigraphic significance. Dashed lines highlight stratigraphic uncertainties at unit boundaries.

synthemic units, as they typically do not correspond with hydrographic
basins.

Deciphering the fragmented Quaternary stratigraphic record of the
Po Basin is challenging (Fig. 2). At present, there is a plethora of local
terminologies (at least 115 different stratigraphic units have been used
to describe Middle Pleistocene-Holocene deposits) and considerable
difference exists regarding the scale and hierarchy of stratigraphic units
used for geological mapping. This is clearly illustrated in Fig. 2, where it
is apparent that different levels of classification (supersynthems, syn-
thems and subsynthems) have been used interchangeably across
different Sheets of the Geological Map of Italy to refer to sediment
packages of the same rank that occupy substantially the same strati-
graphic position. Such an inconsistent nomenclature, by reducing the
clarity and comparability of the mapped information, may lead to
inefficient use of the geological map, undermining both its scientific
value and practical applications.

This paper summarizes and analyzes existing research on the Middle
Pleistocene-Holocene stratigraphy of the Po-Venetian Basin. In this re-
gion, repeated patterns of stratigraphic architecture clearly reflect
alternating phases of sea-level rise and fall that took place during the last
ca. 800 kyr in response to the waxing and waning of major ice caps
(Servizio Geologico d’Italia, 2002; 2005a; 2007a; b; 2008a; b; 2009a; b;
2011b; 2024; 2025a, b; Amorosi et al., 2004; Massari et al., 2004;
Campo et al., 2020; Marcolla et al., 2021; Bruno et al., 2024), as well as
the local tuning of sedimentation rates to the evolutionary trajectory of
Pleistocene glaciers (Aghib et al., 2024; Servizio Geologico d’Italia,

2005b). Given the supra-regional significance of glacio-eustatic
changes, we (i) propose a hierarchical framework of stratigraphic sub-
division, based on multiple interglacial-glacial cycles, that incorporates
the huge amount of local terms depicted in the official geological maps
into a much simpler, consistent and robust classification scheme; and (ii)
conclude that this approach can be readily applied well beyond the Po
Basin, virtually to all coeval successions in which the glacio-eustatic
signal is detectable.

2. Geological setting

The Po Plain and Adriatic foreland is shared by the converging South
Alpine, Apennine and Dinaric chains. The Cenozoic compression
reached the Southern Alps system (N-S compression) during the Middle
Eocene to Miocene tectonic phases, and the Apennine system (NNE-SSW
compression) from Oligocene to Pliocene and Pleistocene (Ghielmi
et al., 2013). The Northern Apennines are part of an eastward migrating
fold and thrust belt developed since the Late Oligocene in the context of
the collision of the European plate with the Adria microplate. The
development of the Apennines foredeep, in particular, has been related
to the eastward rollback of the subducting Adria plate (Malinverno and
Ryan, 1986; Royden et al., 1987; Doglioni, 1993). The outward migra-
tion of the Apennine fold and thrust belt gave way to a migrating set of
asymmetric foredeeps (Ricci Lucchi, 1986) and associated piggy-back
basins (Ori and Friend, 1984) developed on the inner margin of the
thrust sheets. The Po Plain-Adriatic foredeep was affected by an active
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Apennine compressional tectonics, with four major deformative phases
recognized in the latest Miocene-Pleistocene interval (Ghielmi et al.,
2010, 2013).

The geometry of the most external Northern Apennines thrust front
consists of three main arcuate thrust systems (Monferrato, Emilia and
Ferrara-Romagna-Adriatic arcs — Fig. 3A) that were not active simulta-
neously and reflect depocenter migration towards the foreland
(Carminati and Doglioni, 2012; Amadori et al., 2018, 2019). In contrast,
the Southern Alps are characterized by predominantly south-verging
thrust tectonics (Fig. 3A), with the outermost thrust front buried
beneath the Plio-Pleistocene sedimentary fill of the Po Basin (Toscani
etal., 2014; Scardia et al., 2015). The blind geometry of buried Northern
Apennines and Southern Alps thrust fronts shows few exceptions, with
isolated anticline crests emerging or shallowly buried under Pleistocene
sediments (Desio, 1965; Livio et al., 2009, 2014a; Perini et al., 2023).

The buried thrusts and related fault-propagation folds beneath the
modern Po Plain have been investigated through interpretation of a
dense network of seismic lines and well logs (Pieri and Groppi, 1981;
Toscani et al., 2009; Fantoni and Franciosi, 2010; Ghielmi et al., 2013;
ISPRA, 2015; Martelli et al., 2017; Livani et al., 2018; Amadori et al.,
2019; D'Ambrogi et al., 2023). Anticline structures are associated with
ramp overthrusts and are separated by large synclines that record much
larger subsidence rates (Carminati et al., 2003; Ghielmi et al., 2010;
Maesano and D’ Ambrogi, 2016; Martelli et al., 2017; Servizio Geologico
d’Italia, 2025b). Active seismogenic faults are present in the buried
frontal portion of the compressive ramp and flat structures of the
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Apennines (Scrocca et al., 2007; Toscani et al., 2009; Boccaletti et al.,
2010; Maesano et al., 2015; Martelli et al., 2017) and Southern Alps
(Livio et al., 2014a, 2014b; Aghib et al., 2024).

The architectural style of the Po Basin fill results from the combined
effect of (i) tectonic uplift/subsidence, which controlled long-term ac-
commodation, (ii) eustasy, which took place over shorter time scales,
(iii) sediment influx (Ghielmi et al., 2010), and (iv) sediment budget
tuned by the Alpine glaciers expansion and shrinkage. Based on the
integration of seismic imaging, well data and interpolation methods, the
Pliocene to Quaternary subsurface stratigraphy of the Po Basin has been
outlined by Regione Emilia-Romagna and Eni Agip (1998), Regione
Lombardia and ENI Divisione Agip (2002), Ghielmi et al. (2010, 2013),
ISPRA (2015), and Amadori et al. (2019), through a set of depositional
sequences bounded at their base and top by regional unconformities
(Fig. 3B). These studies showed that tectonic uplift and subsidence
exerted a fundamental structural control on the development of strati-
graphic unconformities at lower boundaries of depositional sequences.

The youngest regional unconformity, named the ‘R’ unconformity
(Muttoni et al., 2003; Garzanti et al., 2011), separates the Middle
Pleistocene-Holocene succession from underlying stratigraphic units
(Fig. 3B). This unconformity, also referred to as ‘Horizon U2’ (Maesano
et al., 2024), marks the base of sequence ‘PS2’ (Scardia et al., 2012;
Ghielmi et al., 2013), sequence ‘PS3’ (Amadori et al., 2019) or
Emilia-Romagna Supersynthem (Regione Emilia-Romagna and Eni Agip,
1998; Regione Lombardia and ENI Divisione Agip, 2002) and corre-
sponds to the last phase of outward advance of the slope/basin transition
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toward the foreland (Ghielmi et al., 2010, 2013; Garzanti et al., 2011;
Amadori et al., 2019; Zuffetti and Bersezio, 2021). The ‘R’ unconformity
is magnetostratigraphically constrained to the first prominent Pleisto-
cene glacio-eustatic lowstand (Marine Isotope Stage — MIS — 22) at 0.87
Ma, which correlates with the onset of major Pleistocene Alpine glaci-
ations (Muttoni et al., 2003), though a certain diachroneity has been
recorded across the basin. Because of the active structural setting, this
surface is occasionally dislocated (Servizio Geologico d’Italia, 2025b)
and the stratigraphic succession above the ‘R’ unconformity (sequence
PS3 in Fig. 3B and C) shows comparatively reduced thickness (ca. 100
m) in ramp anticline zones, whereas it may exceed several hundred
meters in the depocenters. Sequence PS3 reaches its maximum thickness
(>1 km) in the Adriatic Sea area (Fig. 3D), where a foredeep basin with
marine turbidite sedimentation was still active during the Middle
Pleistocene (Amadori et al., 2019).

A general shoaling-upward trend, from dominantly marine to fully
continental deposits, typifies sequence PS3 above the ‘R’ unconformity
(Ori, 1993; Muttoni et al., 2003; Scardia et al., 2006; Ghielmi et al.,
2010; Bruno et al., 2024) and reflects the ongoing deformation and
progressive filling of the basin. A minor unconformity within sequence
PS3, named the ‘Y’ unconformity (Scardia et al., 2012), separates the
Lower and Upper Emilia-Romagna synthems (Regione Emilia-Romagna
and Eni Agip, 1998; Regione Lombardia and ENI Divisione Agip, 2002;
Scardia et al., 2012; Aghib et al., 2024; Bruno et al., 2024). This surface
displays diachroneity and significantly lower correlation potential than
the ‘R’ unconformity, especially at the Alpine margin, where it occurs
within amalgamated gravel bodies (Garzanti et al., 2011; Amadori et al.,
2019; Maesano et al., 2024). Its age, initially estimated around 450 ka
(Regione Lombardia and ENI Divisione Agip, 2002), has recently been
proved to be slightly older than 410 ka, based on IRSL dating in the
central portion of the basin (Bruno et al., 2024; Servizio Geologico
d’Italia, 2024).

3. Stratigraphic architecture of Middle Pleistocene-Holocene
deposits in the Po-Venetian Basin

The Quaternary stratigraphy of the Po Plain is packaged into a hi-
erarchy of large-scale and small-scale genetically related units that
reflect superposed tectonic, climatic and eustatic controls. Much
research over the last decades has been targeted at understanding the
coupling between climate/sea-level fluctuations and the stratigraphic
architecture of Middle Pleistocene-Holocene deposits (Amorosi et al.,
2004, 2017a; Massari et al., 2004; Fontana et al., 2014; Bruno et al.,
2017b; Campo et al., 2020; Marcolla et al., 2021), as opposed to the role
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played by tectonics (Amorosi et al., 2021b; Perini et al., 2023; Aghib
et al., 2024; Bruno et al., 2024) or by processes internal to the sediment
routing, i.e. autogenic (Stefani and Vincenzi, 2005; Bruno et al., 2018,
2021).

In general, long-term tectonic activity was punctuated by higher-
frequency glacio-eustatic cycles. In terms of sequence stratigraphy, the
major architectural components of the Po Basin stack to form a fourfold,
cyclic hierarchy of:

(i) low-frequency depositional sequences (sensu Mitchum et al.,
1977), 100 to 1000 m thick (Fig. 3B). These sequences span
several hundreds thousand years and are separated by regional
unconformities that are mainly governed by the tectonic evolu-
tion of the basin (Regione Emilia-Romagna and Eni Agip, 1998;
Regione Lombardia and ENI Divisione Agip, 2002; Amadori et al.,
2019);

(ii) high-frequency transgressive-regressive (T-R) sequences (Embry

and Johannessen, 1992), approximately 50-100 m thick (Fig. 4),

that correlate to 100 kyr (Milankovitch-scale) relative sea-level

cycles superposed to regional tectonics. Given the marked
asymmetry of Quaternary relative sea-level cycles, with long
phases of stepped, sea-level fall followed by abrupt phases of
sea-level rise, transgressive surfaces (and their landward equiv-
alents), rather than sequence boundaries, represent effective

surfaces for stratigraphic subdivisions (Amorosi et al., 2004,

2008; Bruno et al., 2024).

systems tracts (Posamentier et al., 1988; Hunt and Tucker, 1992;

Plint and Nummedal, 2000), genetically associated stratigraphic

units that were deposited during specific phases of the relative

sea-level cycle. These units, developed on a dam scale, include:
transgressive systems tract (TST), highstand systems tract (HST),
falling-stage systems tract (FSST) and lowstand systems tract

(LST)

(iv) parasequences and parasequence sets, a few meters thick,
developed on millennial time scales, which typically reflect either
allogenic or autogenic controls (Van Wagoner et al., 1990).

(iii)

3.1. Architectural style of interglacial-glacial (100 kyr) cycles in the Po
Basin depocenter

While natural subsidence played a fundamental role in generating
accommodation in the Po Basin (Carminati et al., 2003; Teatini et al.,
2011; Antonellini et al., 2019), interglacial-glacial cycles primarily
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Slightly modified from Bruno et al. (2024). For section trace, see Fig. 1.
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forced by changes in the Earth's orbital parameters (Maslin and Brierley,
2015) modulated the Middle Pleistocene-Holocene sedimentary record
at the basin scale (Fig. 4). During interglacials, the Adriatic shoreline
moved rapidly tens of km landward of its former position, and paludal,
coastal, and shallow-marine environments spread onto the coastal plain
(Fig. 4). Following global sea-level falls during glacial periods, the
coastline shifted seawards, and former marine successions were sub-
aerially exposed, weathered, incised, and covered with alluvial deposits
(Kent et al., 2002; Amorosi et al., 2004). Subsidence continuously
generated accommodation (Bruno et al., 2024), favoring the accumu-
lation of thick successions of Quaternary deposits.

Transgressive surfaces in the Po Basin are readily identifiable fea-
tures that reflect substantial breaks of extra-regional significance and
constitute stratigraphic markers with greater extent and correlation
potential than any other stratigraphic surface (Amorosi et al., 2004).
These surfaces are characterized by marked landward facies shifts
relative to underlying units and are typically overlain by coastal wedges
(made up of beach-barrier, delta front, offshore and prodelta facies as-
sociations) that record marine incursions (odd-numbered Marine
Isotope Stages — MIS - in Fig. 4). Coastal wedges in the lower parts of T-R
sequences are stacked rhythmically in retrogradational to prograda-
tional sets bounded by chronostratigraphically significant transgressive
surfaces. They commonly overlie paleosols that formed on the in-
terfluves during previous phases of sea-level fall in response to river
downcutting (Amorosi et al., 2017b).

Landward of the maximum marine ingression, transgressive coastal
deposits are replaced by brackish (lagoon, marsh) and freshwater
(swamp) estuarine facies associations (Fig. 4). At more internal loca-
tions, the continental equivalents of T-R sequences record widespread
floodplain aggradation within organic-rich deposits and increasing fre-
quency of channel avulsions (Campo et al., 2016). Silt-clay overbank
deposits with lenticular fluvial-channel sands and a characteristic
interglacial pollen signature dominate the lower parts of sequences and
show upward transition to increasingly amalgamated, thick and later-
ally extensive fluvial-channel sand bodies that accumulated during
glacial periods (Servizio Geologico d’Italia, 2005b; Amorosi et al., 2008;
Bruno et al., 2024).

Periods of intense tectonic activity in the fold and thrust belt are
discernible in the Middle Pleistocene-Holocene stratigraphic record of
the Po Basin. For example, a recognizable pattern of deformation pro-
duced by the Apennine thrust-related anticlines is documented by the
migration towards the foreland of successive coastal wedges formed in
response to short-term changes in base level (Fig. 4). Changes in the
trajectory of individual paleoshoreline bodies delineate an eastward
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shift in the loci of deposition, due to tectonic uplifting and seaward
shifting by growing tectonic structures (Fig. 4).

In the distal portion of the Po Basin, beneath the modern Adriatic
coastal plain, two prominent wedge-shaped coastal sand bodies of Late
Pleistocene-Holocene age represent obvious stratigraphic markers that
can be easily mapped due to strong (litho)facies contrasts with under-
lying floodplain muds (Fig. 5). These coastal wedges accumulated dur-
ing the last two major transgressive pulsations (MIS 1 and MIS 5Se,
respectively) and are separated by a thick succession of mud-prone al-
luvial/paralic facies associations, deposited in a rapidly subsiding
setting during the prolonged phase of sea-level fall between MIS 5d and
MIS 2 (Amorosi et al., 2004). The Upper Pleistocene (MIS 5e) coastal
sand body can be easily recognized beneath the modern Po Delta (core
18781 in Fig. 5), between 100 and 130 m borehole depths (Amorosi
etal., 2004; Campo et al., 2020). Moving south (towards the Apennines)
and north (in the Venetian and Friulian coastal plains), the top of MIS 5e
coastal sands is encountered at progressively lower depths, up to 20 m
only in the area of core 268-S2 (Fig. 5), thus confirming the crucial role
played by recent tectonic activity in shaping the Po Basin fill (Carminati
et al., 2003; Ferranti et al., 2006).

3.2. Holocene stratigraphy

The Holocene stratigraphy of the Po Basin exhibits distinct, pre-
dictable and chronologically constrained facies patterns that denote the
response of the sediment routing system to base-level change during the
last 11700 years (Fig. 6). A characteristic transgressive-regressive facies
pattern (Rizzini, 1974; Amorosi et al., 1999; Stefani and Vincenzi,
2005), including a set of millennial-scale parasequences (Amorosi et al.,
2017a, 2019) typifies the MIS 1 coastal wedge in the subsurface of the
Adriatic Sea coastal plain. In general, this facies architecture is similar to
the Holocene stratigraphy outlined by several historical papers from the
modern coastal and delta plains worldwide (Curray and Moore, 1964;
Oomkens, 1970; Frazier, 1974; Demarest and Kraft, 1987; Stanley and
Warne, 1994; Amorosi and Milli, 2001).

The low-gradient, Upper Pleistocene alluvial plain (lowstand systems
tract or LST in Fig. 6) was transgressed close to the Boreal-Atlantic
transition, when a wide, wave-dominated estuary formed about 9 ka
BP (Bruno et al., 2017b). This resulted in a variety of landward-stepping
(offshore, beach barrier, lagoon) depositional environments that
migrated between 9 and 7 ka BP up to 50 km west of the modern
shoreline (transgressive systems tract or TST in Fig. 6). Transgressive
parasequences are stacked in a retrogradational pattern that mostly re-
flects stepped, early Holocene eustatic rise (Amorosi et al., 2017a).
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The landward migration of the shoreline was followed by the wide-
spread progradation of wave-dominated, deltaic and strandplain depo-
sitional systems (Stefani and Vincenzi, 2005; Campo et al.,, 2017;
Amorosi et al, 2019) that were deposited primarily from
east-prograding deltas feeding the Adriatic Sea. The complex pattern of
coastal progradation and delta upbuilding took place following sea-level
stabilization (highstand systems tract or HST), starting at about 6 ka BP.
Within HST, the major shift from dominantly aggradational (lower HST)
to fully progradational (upper HST) parasequence stacking reflects
evolution from wave-to river-dominated delta systems (Stefani and
Vincenzi, 2005; Amorosi et al., 2019; Anthony et al., 2025).

The prominent, diachronous transgressive surface at the base of the
Holocene coastal wedge delineates a sharp increase in aggradation rates
(Bruno et al., 2017a) that marks increasing accommodation at the
LST/TST transition (Fig. 6). Over vast portions of the Po Basin, the TS
correlates with a weakly-developed paleosol formed during the
short-lived, Younger Dryas cold event (Amorosi et al., 2017a): this hiatal
surface, which is spatially well recognized, encompasses the
Pleistocene-Holocene boundary and has high engineering-geology sig-
nificance, because of remarkable differences in geotechnical properties
between soft Holocene swamp clay and underlying, stiff Pleistocene
alluvial mud, locally known as ‘caranto’ (Tosi, 1994; Mozzi et al., 2003;
Donnici et al., 2011; Bruno et al., 2022; Campo et al., 2023). Where the
paleosol grades laterally into an adjacent fluvial channel-belt, the TS
largely coincides with the prominent facies change from a thick, Pleis-
tocene fluvial sand body (LST) to overlying, swamp/inner estuarine
muddy facies of early Holocene age (TST in Fig. 6) that onlap against the
inclined Pleistocene paleosurface (Amorosi et al., 2021a). A basal peat
layer and an abundance of organic clays, indicating the gradual trans-
formation of the area in a wetland under early transgressive conditions,
typically enable identification of the TS in sediment cores (Torngvist
et al., 2004; Hijma and Cohen, 2011).

The landward projection of the transgressive surface away from
nearshore-marine deposits generally represents a challenging issue and
pinpointing the landward limit of the marine influence can be highly
controversial (Shanley and McCabe, 1994; Legarreta and Uliana, 1998;
Milana and Tietze, 2007). Within sedimentary successions made up
entirely of alluvial deposits, the TS can be placed at the base of
poorly-drained floodplain deposits, reflecting the change in fluvial
regime from braided to meandering river systems in response to
sea-level rise (Tanabe et al., 2015, 2022).

3.3. Pollen signature of interglacial-glacial cycles

During the Quaternary, glacial-interglacial climate oscillations drove

major biogeographical changes in the Po Plain, deeply affecting bio-
logical communities and causing biome shifts. In addition, the repeated
landward and seaward migrations of depositional systems driven by T-R
cycles resulted in recurrent re-arrangement of ecosystems. These pro-
cesses left clear imprints on the palaoecological record, revealing
distinctive spatio-temporal patterns in vegetation structure, trends, and
composition across the Po Plain.

The cross-comparison of five pollen records along a land-sea transect
(Fig. 7) provides evidence of vegetation dynamics, climatic oscillations,
and palaeogeographic changes in the Po Plain area, offering a founda-
tion for basin-wide chronostratigraphic correlation and refined charac-
terization of facies tracts. The 175 m-long pollen sequence of core
184815, by revealing a succession of eight forest phases that reflect
interglacial climatic conditions (assigned to MISs 17, 15, 13, 11,9, 7, 5,
and 1), is a benchmark for deciphering the cyclic depositional signature
preserved in the stratigraphic record of the Po Basin (Bruno et al., 2024).
In this pollen sequence, forest expansions within ‘transgressive’ deposits
alternate with stacked fluvial-channel sand bodies and paleosols that
typically lack pollen or contain only Pinus, indicating enhanced fluvial
activity during glacial periods. A similar pattern of alternating forested
and sterile phases is recorded in all the other selected pollen records
(20454, 240813, 223517, 24088 - Fig. 7).

In the Italian Peninsula, glacial periods were characterized by steppe
vegetation (Follieri et al., 1988; Magri and Sadori, 1999; Massari et al.,
2004; Pini et al., 2009; Magri et al., 2017), which is poorly represented
in the pollen records from the Po Plain due to unsuitable taphonomic
conditions in sandy deposits and fluvial erosion. Nevertheless, inter-
glacial records are generally sufficiently detailed to allow stratigraphic
correlation between pollen sequences. Based on ecologically-consistent
pollen groups, namely mesophilous mixed oak forest, montane forest
(Abies, Fagus, and Picea), and riparian trees (Alnus, Salix, and Populus),
regional vegetation dynamics were traced across the depositional
systems.

The upper sections of all pollen records display high abundance of
mixed oak forest taxa, consistent with Holocene warm conditions and
supported by AMS 1*C dates. Slight differences in vegetation trends
likely reflect site-specific sedimentary dynamics. In the most proximal
site (184S15), a few pollen samples show a peak in mixed oak forest,
reflecting the establishment of mature forested landscapes. A similar
expansion of mesophilous forest, with abundant riparian taxa, occurs in
the 223517 record. The Holocene forest expansion in cores 20454,
240813, and 240S8 is preceded by an abrupt drop in the mesophilous
vegetation, reflecting the short-lived climate reversal of the Younger
Dryas (YD). Below Holocene and lateglacial deposits, limited palyno-
logical evidence is available for the Last Glacial Maximum (LGM), with
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few samples showing sparse tree cover in pollen records 20454, 240513,
and 240S8.

A peak in mixed oak forest in the 184S15 record provides evidence of
relatively warm climatic conditions, attributed to an early phase of MIS
3. Towards the coast, MIS 3 is better resolved, spanning thicker strati-
graphic intervals in cores 20454, 240513, 223517, and 240S8, where
appreciable values of mixed oak forest are accompanied by moderate
percentages of montane taxa. These vegetation features indicate the
persistence of semi-forested landscapes and suggest relatively mild cli-
matic conditions, consistent with other MIS 3 archives from Northern
Italy (Pini et al., 2010; Guido et al., 2020; Marcolla et al., 2021) and
Central Italy (Follieri et al., 1988; Magri, 1999; Magri and Sadori, 1999),
and more generally from the Mediterranean region (Fletcher and
Sanchez Goni, 2008; Badino et al., 2020; Carrion et al., 2024). Below this
forest interval, open vegetation is observed in the coastal 240S8 pollen
record, indicating fully glacial cool/arid climatic conditions, corre-
sponding to MIS 4.

Comparison of all pollen profiles reveals a regionally coherent phase
of forest expansions reflecting interglacial climatic conditions during
MIS 5. Fluctuations in the relative abundance of mixed-oak forest,

montane tree taxa, and Pinus highlight an adaptive vegetation response
to climate variability, capturing the paleoclimatic signature of warmer
and cooler sub-stages. At the base of MIS 5, a rapid forest expansion
marks the highest values of mixed-oak mesophilous forest within each
pollen profile, reflecting remarkably warm and humid climatic condi-
tions. This prominent signal of rapid forest development defines a sharp
interglacial onset, which is consistent with the vegetation dynamics
recorded for MIS 5e in several pollen records from S Europe (Follieri
et al., 1988; Brauer et al., 2007; Tzedakis, 2007; Pini et al., 2010;
Donders et al., 2021; Novellino et al., 2025; Roberts et al., 2025). Evi-
dence for Zelkova, a regionally extinct tree genus, further validates the
inferred chronology for this forest expansion. This taxon is not recorded
after MIS 5e in the Po Plain and, more broadly, in Northern Italy
(Amorosi et al., 2004; Marcolla et al., 2021; Bruno et al., 2024). Zelkova
is found in high percentages (5-15%) during MIS 5e in Central Italy
(Follieri et al., 1986; Roberts et al., 2025), where it locally persisted until
MIS 3 (Follieri et al., 1988; Magri, 1999; Magri and Sadori, 1999;
Giardini, 2007). It is recorded in Holocene pollen records from Sicily
(Michelangeli et al., 2022a, b), where it is still living in the Hyblaean
Mountains. The last occurrence of Zelkova in the pollen records from the
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Po Basin (red rectangles in Fig. 7) offers a valuable biostratigraphic
constraint for MIS 5e, being detected throughout the transect at
increasing depths towards the Adriatic coast. The MIS 6-5 transition is
marked by open vegetational landscapes with Pinus in the 223517 and
20454 pollen records, reflecting the extreme climate conditions of the
penultimate glacial period (Roucoux et al., 2011; Hughes et al., 2020).

Below MIS 6 deposits, a forested phase with a double-peaked
expansion of mesophilous broadleaved taxa and moderate percentages
of montane and riparian trees is documented in cores 223517, 20454,
and 184S15. This phase is recorded within highstand coastal deposits
(Amorosi et al.,, 1999). Based on vegetation dynamics and pollen
composition, this highstand phase can be correlated to the Roma I and II
forested phases (pollen zones VdC 3 and 5) detected in Central Italy
(Follieri et al., 1988), attributed to MIS 7. Below the MIS 7 interglacial, a
thin stratigraphic interval with low arboreal pollen percentages is
detected in the 204S4 pollen record, reflecting the open vegetation
landscapes of MIS 8.

The interglacial phase that preceded MIS 8 is documented exclu-
sively in inland sequences (cores 184S15 and 204S4). In the 184S15
pollen record, two peaks in mixed oak forest are consistent with the
vegetation patterns observed at Ioannina (Katara and Pamvotis), Tena-
ghi Philippon (Kavala and Litochori), Boiano (zones 3a and 3b) and
Bouchet/Praclaux (Amargiers and Landos phases), corresponding to the
MIS 9a and MIS 9e substages, respectively (Tzedakis, 1994; Tzedakis
et al., 2001; Reille et al., 1998, 2000; Fletcher et al., 2013; Orain et al.,
2013). This interpretation is supported by an IRSL age of 369,900 + 41,
300 BP (= MIS 10) from underlying fluvial sands (Bruno et al., 2024). A
similar pattern is observed in the 204S4 pollen record, where two peaks
in mixed oak forest, marking the onset and the end of a forested interval
interrupted by sterile sandy layers, support the attribution of this phase
to MIS 9.

Earlier interglacial periods are recorded exclusively in the 184S15
pollen record. Based on the IRSL date of 411,900 + 49,500 BP, the forest
phase between ca. 115 and 94 m is attributed to MIS 11. Further down
the sequence, two additional forested intervals have been tentatively
ascribed to MIS 13 and MIS 15, respectively (Bruno et al., 2024).

Overall, the palynological and stratigraphic data converge in

SW

120 Mis 5
80

40

om

Facies associations:
[ Beach gravels and sands
B swamp clays

D Fluvial channel sands
I Fluvial channel gravels
[ Floodplain silt and clays
—— Transgressive surface
—— Major unconformity

0 1500 3000 m

| IS S N —

Quaternary Science Reviews 380 (2026) 109918

documenting recurrent T-R cycles across the Po Plain. Pollen records, in
particular, through the identification of glacial-interglacial transitions,
provide chronostratigraphic constraints that can assist in tracing trans-
gressive surfaces into more proximal (inland) areas, where these sur-
faces may lack a clear sedimentological expression.

3.4. Tracing bounding unconformities to the Apennine basin margin

Predicting the stratigraphic response of the basin margins to changes
in the forcing variables that govern stratigraphic architecture (eustasy,
tectonics, and climate) is a difficult task. Landward of the maximum
marine/paralic influence, within entirely alluvial deposits, and far away
from the thick depocenters, the effects of sea-level fluctuations are
difficult to decipher, and identification of sequence bounding un-
conformities may be increasingly affected by uncertainties (van Balen
et al., 2010). In addition, periods of incision and aggradation may
generate discontinuity-bounded sequences (aggradational-degrada-
tional rhythms) on timescales as short as 10° to 10* years (Gibling et al.,
2011). Consequently, the classification and hierarchy of stratigraphic
units may fail to provide internal consistency.

Tectonic and climatic processes are the primary drivers of alluvial
fan evolution (Mack and Leeder, 1999; Blair and McPherson, 2009).
Climate by influencing temperature, precipitation, and vegetation, may
affect erosion and sediment dynamics, impacting all stages of the sedi-
mentary cycle, from catchment erosion to alluvial fan deposition (Feng
et al., 2025).

At the southern margin of the Po Basin, shallowly buried alluvial-fan
and fan-delta systems are genetically related to patchily exposed fluvial
terraces of the feeding Apennine river valleys (Fig. 8) that are discon-
tinuously covered by wind-blown silt (Cremaschi et al., 2015; Zerboni
et al., 2015). Distal alluvial fan deposits exhibit a distinct response to
interglacial-glacial cycles, being typified by the repeated alternation of
(interglacial) floodplain muds, locally marked at the base by
peat-bearing deposits, with thick, fluvial gravel bodies, mostly deposited
during glacial periods (Amorosi et al., 1996; Servizio Geologico d’Italia,
2005b - Fig. 8).

In proximal alluvial fan systems, where the rate of creation of

NE

S. Arcangelo

\‘\ Lower
|Plejstocene
.\ 256-59

Viserb:
|se|r a 40m

SAIGiustina
40
= 80
"2
160
200

240

280
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accommodation space is low, fluvial gravel bodies become increasingly
amalgamated, floodplain deposits have limited preservation, and indi-
vidual cycles are difficult to resolve (Amorosi et al., 1996; Scardia et al.,
2012). In general, the Po Basin fill thins and wedges out toward the
northern and southern basin margins, and unconformities younger than
the ‘R unconformity’ become too close together in these areas to be
confidently traced by seismic lines and deep wells alone in the subsur-
face (Garzanti et al., 2011; Maesano et al., 2024).

Inherent complexity, small-scale lithologic/petrographic variations,
tectonically generated topography, and problematic chronologic attri-
butions are just some of the factors that limit stratigraphic correlation at
the Apennine margin. Furthermore, significant autogenic control may
overwhelm the effect of climate change. Although numerous attempts
have been made in upland areas to correlate Quaternary stratigraphy
with the repeated pattern of glacial cycles recognized downstream
(Amorosi et al., 1996; Picotti and Pazzaglia, 2008; Gunderson et al.,
2014; Zuffetti and Bersezio, 2021 — see Fig. 8), stratigraphic correlation
far away from the marine shorelines and from their laterally equivalent
deposits remains difficult and highly controversial.

In upland settings, Quaternary deposits include terraced fluvial and
marine successions that can be examined essentially through morphos-
tratigraphic criteria (Macklin et al., 2002; Woodward et al., 2008) and
with the aid of luminescence dating (Lamothe, 2016). Numerous re-
searchers have explored the relationship between fluvial terrace evo-
lution and orbital-scale climatic oscillations (Vandenberghe, 1995,
2015; Rittenour et al., 2007; Bridgland and Westaway, 2008; Counts
et al., 2015; Yu et al., 2024). The characteristic step-like profile results
from alternating phases of aggradation (during interglacials) and river
incision (during glacial periods) (Wang et al., 2015). At the Apennine
foothills, differences in elevation, associated with pedostratigraphic,
petrographic and archaeological characterization of terraced surfaces
may facilitate the delimitation of unconformity-bounded stratigraphic
units and tentative correlation with events recorded in the marine
isotope record (Cremaschi, 1987; Picotti and Pazzaglia, 2008; Wegmann
and Pazzaglia, 2009; Wilson et al., 2009; Zuffetti et al., 2018a; Zuffetti
and Bersezio, 2021; Scarciglia et al., 2023 — Fig. 8). A high-resolution
stratigraphic age model used to unravel tectonic and climatic (glacia-
1/interglacial) controls on stratigraphy has been carried out along the
exceptionally exposed Enza River section (Gunderson et al., 2014).

3.5. Tracing bounding unconformities to the Alpine basin margin

The Alpine basin margin hosts a sparse and fragmentary outcrop
record of Quaternary stratigraphy that cannot be easily resolved and
correlated even across adjacent river valleys. Along the Alpine foothills,
uncertainties in regional stratigraphic correlation due to a lack of robust
chronologic constraints have resulted in the use of separate sets of
stratigraphic units for substantially equivalent deposits (Bini, 1997 —
Fig. 2). Within glaciogenic (glacial, fluvioglacial, and lacustrine) depo-
sitional systems cropping out at the Alpine margin of the Po Basin, the
UBSU stratigraphic approach is complicated by multiple glacial scouring
that typically generates a wide range of unconformities (Bini, 1997). In
these areas, the definition and hierarchical ranking of erosional
bounding surfaces (bedding planes, scours, erosion surfaces, and un-
conformities — Miall, 1985) can hardly be established on an objective
and descriptive basis, and identification of major unconformities
necessarily includes significant interpretation.

By focusing, with a local perspective only, on the geological mapping
of individual valleys and related glacial amphitheaters, early strati-
graphic investigations of Quaternary successions in the Alpine region
have led to an increasing number of stratigraphic units. Recently, a
substantial change in the geological surveying methods (Servizio Geo-
logico d’Italia, 2025b), based primarily on the identification of key
stratigraphic surfaces in lowland areas and on their tracing into up-
stream regions, has largely simplified the stratigraphic framework of the
Middle and Upper Pleistocene successions, increasing effectively their
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correlation potential across wider areas, such as the Adda-Mella tran-
sect (Fig. 2).

At the Alps foothills, tectonic deformation has brought to the surface
a significant portion of the Middle Pleistocene sedimentary succession.
In this area, Holocene and even Upper Pleistocene deposits may be
lacking (Servizio Geologico d’Italia, 2025b) and stratigraphic analysis of
Middle-Upper Pleistocene sediment bodies that accumulated in glacial
outwash braid-plain settings can be carried out at relatively low reso-
lution only. From proximal to distal locations, Middle Pleistocene gla-
ciogenic (glacial and fluvioglacial) deposits transition into fully fluvial
sequences, characterized by a typical downstream fining trend. In ver-
tical sections, these units are differentiated based on their grain size,
which reflects the upward transition from distal (sand-dominated) to
proximal (gravel-dominated) fluvial settings (Fig. 9). Within these
commonly amalgamated coarse-grained successions, there is no clear
evidence of internal, 100 kyr orbital-scale cyclicity; as a result, strati-
graphic correlation with transitional (lagoon and swamp) deposits
identified in the depocenter is not obvious. In the northernmost part of
the basin, where glacial influence on sedimentation was strongest and
glacial material was repeatedly reworked, juxtaposed gravel bodies can
only occasionally be distinguished on a petrographic basis, thus making
their chronologic resolution difficult (Aghib et al., 2024).

Small outcrops at the Alps foothills can be investigated through a
morphostratigraphic approach combined with detailed soil character-
ization, though polygenic landforms cannot be easily correlated to
specific glacial cycles (Hughes, 2010). Relatively objective UBSUs
clearly depict the Last Glacial Maximum (LGM) expansion (Bini et al.,
2004; Monegato et al., 2017a, 2017b), as opposed to older deposits,
based upon a combination of morphologic, geometric, weathering and
elevation data. For LGM deposits, ample availability of AMS'*C dating
enables a reliable chronologic attribution to MIS 2 (Bini et al., 2015;
Servizio Geologico d’Italia, 2025b).

Additional, recurrent features can be used as correlation tools and for
reliable age assignments at the northern margin of the Po Plain. Loess
cover and loess/paleosol sequences (Muhs and Bettis, 2003) generally
overlie fluvial or fluvioglacial deposits and are dated between about 75
and 16 ka (Cremaschi, 1987, 2004; Cremaschi et al., 2015; Zerboni et al.,
2015; Zuffetti et al., 2018b; Lehmkuhl et al., 2021). Sedimentary traps
for loess aggradation are glacial sediments (moraines), fluvio-glacial
terraces, and tectonic hills in the Prealps, but also fluvial terraces at
the Apennine foothills (Zerboni et al., 2018; Lehmkuhl et al., 2021).
These wind-blown sediments, dated through OSL, can be used within an
UBSU stratigraphic approach as stratigraphic markers of MISs 4 and 2.
Intercalated peat layers that accumulated within the range of radio-
carbon dating represent nearly isochronous stratigraphic markers that
may largely improve the chronologic framework (Servizio Geologico
d’Italia, 2025b). Pedogenetic horizons should be used cautiously, as in
many cases these actually represent secondary soil accumulations
(geologic pedorelicts sensu Cremaschi and Rodolfi, 1991) reworked by
fluvial or glacial processes (Aghib et al., 2024).

3.6. Correlation with the Venetian-Friulian plain

The influence of glacio-eustatic fluctuations on Middle Pleistocene-
Holocene stratigraphy has also been demonstrated outside the Po
Plain, in the coastal areas of the adjacent Venetian plain (Fig. 1). In this
area, the rhythmic alternation of continental and marine facies associ-
ations, spanning MIS 8 to MIS 1, was first recognized in the Venezia-1
core (Kent et al., 2002; Massari et al.,, 2004). Facies characteristics
and pollen data indicate a consistent pattern: continental sediment
packages correspond to glacial conditions, whereas maximum flooding
intervals align with interglacial phases. Accordingly, the Venice area
was repeatedly submerged during glacio-eustatic highstands and
became emergent during subsequent major lowstands (Massari et al.,
2004).

The same cyclic pattern of alternating marine and continental facies
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illustrated in Fig. 5 has been recognized in the Friulian plain (Servizio
Geologico d’Italia, 2008a; 2011b), where transgressive, coastal and
shallow-marine deposits of MIS 1 and MIS 5e age, respectively (Fontana
et al., 2010) unconformably overlie stratigraphic discontinuities typi-
cally marked by immature paleosols (Servizio Geologico d’Italia,
2011b).

In a recent study from the Venetian lowlands (Marcolla et al., 2021),
a stratigraphic unconformity dated to MIS 7 delineates a laterally
continuous stratigraphic marker at the base of a well developed
transgressive-regressive sequence that can be tracked for about 70 km
into the Friulian Plain (Fig. 10 - Servizio Geologico d’Italia, 2008a; Pini
et al., 2009). Transgressive deposits assigned to the MIS 7 interglacial
exhibit the same stratigraphic architecture described for the Holocene

CARG 11

L \MS 1 transgr s
2

~J

Continental environment (alluvial and deltaic plain)
- Transitional environment (open bay - lagoon)

| Marine environment (ofishore to shoreface - delta front)

S| Transgressive surface (TS)

Top of parelic succession

Other stratigraphic boundary

Palagosoil

facies tract in the Po Plain (Fig. 6), with marine deposits gradually
replaced upstream by restricted marine (bay), brackish (lagoon) and
freshwater (swamp) facies associations (Marcolla et al., 2021).

In more proximal areas, the transition from paralic to continental
deposits is more difficult to decipher due to the complex, sedimentary
response to glacial cycles. Large sectors of the present surface of the
Venetian-Friulian plain consist of fluvioglacial deposits accumulated
during the LGM in fan-shaped alluvial features, commonly referred to as
fluvial megafans. These megafans were mainly constructed from melt-
water and sediment discharges related to the demise of the Last Glacial
Maximum and were subsequently incised under Holocene climate con-
ditions (Fontana et al., 2008, 2014).

CARG 12

Fig. 10. Cyclic stratigraphic architecture of the Venetian and Friulian coastal plains (from Marcolla et al., 2021). Note the alternation of marine/paralic and
continental deposits and its correlation with interglacial/glacial cycles. MIS: Marine Isotope Stage.
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4. Implications for subsurface geological mapping: Moving from
a local to the global scale

Disentangling the complex dynamics that underpin rhythmic sedi-
mentation patterns in the geological record is not straightforward and
there have been many attempts in the geological literature to discern
allogenic controls on stratigraphic architecture. The subdivision of the
stratigraphy into packages of sedimentary rocks separated by extra-
regional unconformities was first introduced by Krumbein and Sloss
(1951) and later elaborated by Sloss (1963). However, the detailed ex-
amination of the relationship between depositional-system stacking
patterns and relative sea-level cycles was undertaken only decades later
by Posamentier et al. (1988). Below the hierarchical level of the depo-
sitional sequence, the stratigraphic architecture of parasequences was
subsequently explored by Van Wagoner et al. (1990).

The subdivision of successions recording alternating glacial and
nonglacial climatic conditions into unconformity-bounded stratigraphic
units has been investigated across multiple geological periods in the
history of the Earth, including Paleozoic successions (Fielding et al.,
2008), and 100 kyr-scale cyclic stratigraphic architectures have been
recognized as a common tract of alluvial depositional systems
(Busschers et al., 2005, 2007; Peeters et al., 2016).

The Quaternary is characterized by a much higher chronologic res-
olution than earlier geological periods (Gibbard and Lewin, 2016). Cy-
clic changes in the volume of water in the oceans during the Middle
Pleistocene-Holocene were due to alternating glaciations and de-
glaciations, which were responsible for high-amplitude sea-level varia-
tions (Martinson et al., 1987; Waelbroeck et al., 2002). Climate change
also affected continental sedimentary systems (Fjeldskaar and Amantov,
2018), principally through cyclic changes in vegetation, weathering
conditions, erosion, and sediment transport. Sea-level and climate
fluctuations, thus, may provide an interpretation template for Quater-
nary successions, and stratigraphic subdivisions can be effectively
guided by the well-constrained oxygen-isotope chronology. Despite this
potential, however, application of cyclostratigraphic concepts to the
geological mapping of unconformity-bounded stratigraphic units of
Quaternary age has never been satisfactorily undertaken in the
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literature.

The fundamental units of formal UBSUs are synthems (Chang, 1975):
these are coherent packages of strata that are genetically related,
traceable for considerable distances across a basin, and bounded by
“significant and demonstratable unconformities” (Salvador, 1994). In
the Po Basin, the Middle Pleistocene-Holocene stratigraphic framework
outlined above reflects glacially forced sea-level changes and relies on
the global correlation of potentially synchronous stratigraphic bound-
aries. In the depocenter, where stratigraphic patterns of highstand and
lowstand deposits are best preserved, ten transgressive-regressive se-
quences driven by orbital mechanisms in the Milankovitch (100-kyr)
band form the building block of the Middle Pleistocene-Holocene stra-
tigraphy (Fig. 4). For this reason, these sequences are here suggested to
serve as synthems for time-unit partitioning and geological mapping
purposes (Fig. 11).

In this view, synthems represent prominent, regionally mappable
depositional units (T-R sequences) that formed during 100 kyr
interglacial-glacial cycles (Fig. 11). Lower-rank units (subsynthems)
mark the boundaries between interstadials and stadials (e.g. MIS 5-4 or
MIS 3-2 transitions) or vice versa. Subsynthems can be organized into
lithostratigraphic units (Lucchi, 2019): these latter represent genetically
related depositional systems and facies associations that developed in
response to short-lived climate and eustatic oscillations. We suggest
using the term Supersynthem to refer to the sediment package formed
over the last ca 870 ka, at the shift from 41 kyr to 100 kyr orbital
cyclicity (Fig. 11), which in the southern Po Basin incidentally corre-
sponds to a tectonically-originated unconformity (‘R’ unconformity in
Fig. 3).

Unlike classic sequence-stratigraphic models (Vail et al., 1977; Pos-
amentier and Vail, 1988), in asymmetric Quaternary cycles, sequence
boundaries formed during prolonged sea-level falls are less chro-
nostratigraphically significant than transgressive surfaces formed dur-
ing rapid rises (Bhattacharya, 2011). Accordingly, Quaternary synthems
in the Po Basin are best recognized in cores and logs not by their
erosional sequence boundary, but by the development of transgressive
surfaces that coincide with periods of great inundation of the basin
margin (Amorosi et al., 2004; Campo et al., 2020; Bruno et al., 2024), as
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Fig. 11. Hierarchical subdivision of Middle Pleistocene-Holocene deposits into unconformity-bounded stratigraphic units (supersynthems, synthems, and sub-
synthems) based on the oxygen-isotope chronology of Lisiecki and Raymo (2005): odd numbers: interglacials, even numbers: glacials. Synthems correlate with
transgressive-regressive cycles that start and end at the onset of interglacials. Subsynthems are interpreted to have been deposited during stadials or interstadials
(minor peaks in the diagram). The lower boundary of the supersynthem demarcates the shift to the 100 kyr orbital rhythm.
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in the pioneer allostratigraphic approach of Bhattacharya and Walker
(1991). At synthem boundaries, depositional systems commonly back-
step onto the basin margin, producing characteristic onlap geometries.
Substantial landward shifts of facies, i.e. ‘non-Waltherian® facies dislo-
cations, translate into abrupt contacts between transgressive paralic and
coastal facies and underlying lowstand alluvial deposits (Figs. 4 and 12).
At the local scale, these diachronous transgressive (or maximum
regressive) surfaces typically correspond to regional unconformities,
which may locally be represented by paleosols or ravinement surfaces
(Mancini and Puckett, 2002).

At more inland locations, synthem boundaries may separate amal-
gamated (LST) channel belts from overlying, more aggradational and
isolated (TST) channels, marking an abrupt change in the fluvial regime
(Shanley and McCabe, 1993; Plink-Bjorklund, 2005; Labourdette and
Jones, 2007; Blum et al., 2013; Tanabe et al., 2022). Regardless of their
facies expression, synthem boundaries bear a diagnostic palynological
signature (Fig. 7) associated with the abrupt expansion of thermophilous
vegetation, which reflects the onset of warm-temperate (interglacial)
climate conditions (Fig. 12).

During relative sea-level fall and lowstand, the continental shelf (and
the coeval alluvial plain upstream) became exposed and incised by the
river drainage network. Pedogenized horizons that formed during this
phase of prolonged subaerial exposure correlate laterally with amal-
gamated fluvial channel belt bodies at the base of ‘incised-valley sys-
tems’ (Zaitlin et al., 1994): these latter are interpreted as deposits of
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braided- and low-sinuosity rivers that developed during glacial periods
in response to increased sediment supply and low accommodation
(Fig. 12). Correlation of interfluve paleosols with valley bases (Gibling
et al., 2011) becomes increasingly difficult at inland locations, moving
from the coastal-plain to alluvial paleovalleys (Blum et al., 2013).

Although transgressive (or maximum regressive) surfaces represent
robust stratigraphic markers that can be tracked continuously across
most of the basin to delineate individual synthems (Figs. 4-7 and 12),
flexibility needs to be retained when mapping synthem boundaries close
to the basin margins. Indeed, several factors concur in tuning sedi-
mentary and erosional processes at the southern and especially northern
margins of the Po Plain. (i) Tectonic activity or autogenic processes at
mountain foothills can locally overwhelm the effects of climate and sea-
level change, especially where glacial/interglacial cycles made available
large amounts of sediment. (ii) Patchily exposed sedimentary units or
amalgamated gravel bodies may not be unequivocally assigned to a
particular synthem. (iii) Stratigraphic boundaries can be strongly dia-
chronous on a local scale due to the factors listed above (iv) Depending
on the depositional system (e.g., glacial and fluvioglacial deposits). and
the types of data available, stratigraphic surfaces can be cryptic and
hardly distinguishable. (v) Finally, a reliable chronologic framework can
be missing, as a lack of suited material can prevent accurate numerical
dating.

We deliberately leave the Middle Pleistocene-Holocene stratigraphic
units of Fig. 11 unnamed, because the formal revision of classification of
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Quaternary strata in the Po Basin is largely beyond the scope of this
paper and a larger discussion is ongoing. However, as cleaning up
nomenclature will require the abandonment of tens of stratigraphic
units while revising or naming new ones, we tentatively propose names
for the three youngest (and best resolved) synthems, as follows (Fig. 12):

- Po Synthem (MIS 1), since the detailed stratigraphic architecture of
the Holocene transgressive-regressive cycle, first investigated by
Amorosi et al. (1999) and Servizio Geologico d’Italia (2002), has
been widely recognized throughout the Po River Plain.
Comacchio Synthem (MIS 5e-MIS 2), since numerical (Electron Spin
Resonance) dating (Ferranti et al., 2006) of the coastal wedge
assigned to the Eemian or MIS 5e (Amorosi et al., 2004) was first
performed in Sheet 205-Comacchio (core 205510 in Fig. 12 - Servizio
Geologico d’Italia, 2009b). Within this unit, MIS 2 deposits display a
high correlation potential, from the depocenter to the basin margins
(where they also have clear morphologic expression), and are
incorporated into a lower-rank unit assigned to the Last Glacial
Maximum (Cantlt Subsynthem; Bini, 1987, Bini et al., 1992; Servizio
Geologico d’Italia, 2008d).
- Venetian synthem (MIS 7-MIS 6), since wide documentation of the
MIS 7 transgression derives from integrated analysis of core Venezia-
1 (Kent et al., 2002; Massari et al., 2004) and its stratigraphic cor-
relation across the Venetian coastal plain (Marcolla et al., 2021).

Measured sections, well logs, maps and a striking amount of data
accompany the description of these synthems in the geological maps of
the Po, Venetian, and Friulian plains. In addition, these units offer high
potential for correlation also at the basin margins (Fig. 9), especially
where the MIS 7-MIS 1 succession is represented by a chronologically
well constrained set of fluvial deposits (Picotti and Pazzaglia, 2008;
Gunderson et al., 2014; Zuffetti and Bersezio, 2021) or end moraine
systems (Monegato et al., 2023).

Simple lithostratigraphic maps no longer provide the level of infor-
mation needed in modern land-use planning, and society would greatly
benefit from the existence of practical stratigraphic classification sys-
tems and formal stratigraphic frameworks interconnected with inter-
national geological databases (Rasanen et al., 2009). The use of a limited
number of synthems to characterize the subsurface stratigraphic archi-
tecture of modern alluvial and coastal plains (Fig. 12) can be used to
support extra-regional correlations much more effectively than through
the present, indecipherable plethora of stratigraphic units (Fig. 2). In
addition, understanding a control on accommodation and sedimentation
dictated by glacio-eustatic variations can make it possible to use facies
modeling and basin analysis outside the data points as a powerful pre-
dictive tool for geometry, extent, thickness and properties of shallowly
buried sediment bodies.

5. Conclusions

Society can greatly benefit from the production of basin-scale, na-
tionally consistent geological maps in lieu of complex schemes of named
material reflecting a local stratigraphic nomenclature only. In the Po-
Venetian basin, a total of 115 Middle Pleistocene-Holocene strati-
graphic units depicted in 45 official geological maps reflect the
complexity of buried alluvial, coastal, and shallow-marine depositional
systems, and of their coeval terrace deposits and glaciogenic successions
cropping out discontinuously at basin margins. The information derived
from these geological maps has made it possible to outline the hierar-
chical framework proposed in this study, which is not intended as a
prescriptive standard, but rather as a consistent interpretive framework
for stratigraphic architecture that can facilitate correlation and com-
parison beyond local scales.

In this study, we demonstrate the high sensitivity of shallow-marine
and alluvial realms to Quaternary, high-amplitude interglacial-glacial
fluctuations. Relatively conformable stratigraphic packages formed in a
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variety of depositional environments and reflecting potentially external
controls can be grouped within a simple hierarchy of regionally map-
pable unconformity-bounded stratigraphic units that may have rele-
vance for applied mapping. Stratigraphic architectural patterns
recognized across a range of spatial and temporal scales throughout the
Po-Venetian Basin emphasize the concept of geologic time archived in
the stratigraphic record and can be summarized as follows:

1) Synthems developed in response to 100-kyr, Milankovitch-scale
glacio-eustatic oscillations represent readily mappable units that
provide a comprehensive, three-dimensional view of facies archi-
tecture across much of the Po-Venetian Basin, forming the building
block of Middle Pleistocene-Holocene stratigraphy. These synthems
exhibit distinct, predictable and chronologically constrained facies
patterns, as well as diagnostic climatic signatures that can be traced
throughout the basin.

Key stratigraphic discontinuities at synthem boundaries are linked to
prominent transitions from glacial to interglacial periods that may be
globally representative. They record abrupt landward shifts in
depositional settings that locally contravene Walther's law and
correspond to initial flooding (or maximum regressive) surfaces of
large geographic extent that developed in response to abrupt sea-
level rise at the onset of interglacials. In interfluvial areas, synthem
boundaries coincide with erosional or hiatal surfaces marked by stiff,
pedogenically modified horizons that represent wide exposure and
significant breaks in the stratigraphic record. Genetically-related
channel-belt sand or gravel bodies typically cluster in the upper
parts of synthems.

Ten 100 kyr-scale synthems, spanning interglacial-glacial cycles
dated approximately to the last 870 kyr, have a diagnostic pollen
signature in the Po Basin and are the major architectural components
of the supersynthem of Middle Pleistocene-Holocene age, a strati-
graphic unit that is clearly imaged on seismic profiles and that marks
the abrupt shift from relatively low amplitude cycles to increasing
amplitude cycles (i.e., the onset of Pleistocene glaciations in the
Alps).

4) At afiner scale, subsynthems emphasize the relations between global
sea-level trends, climate change and facies patterns at the transition
from interstadial to stadial conditions (and vice versa) or even at a
higher temporal resolution. Within the MIS 5-2 synthem, laterally
extensive fluvial channel-belt sand bodies can be correlated to the
onset of LGM (MIS 2) and MIS 4.

In upland regions, close to basin margins, tectonic, glacial or auto-
genic processes may increasingly account for diverging stratigraphic
architectural patterns, fragmentary stratigraphic record, and local
amalgamation of thick gravel bodies, which can locally prevent
synthem identification. In these cases, mapping should be carried out
assigning units at the supersynthem level.

Establishing a basinwide stratigraphic synthesis for the Middle
Pleistocene-Holocene succession of the Po Basin depends on the
resolution of chronological data, which decreases with depth and
age. Prominent synthem boundaries that demarcate the onset of the
present (MIS 1), last (MIS 5e), and penultimate (MIS 7) interglacials
can be tracked upstream, from the rapidly subsiding coastal plain
into the moraine systems and uplifted fluvial terraces. Such synthems
have a (relatively) isochronous base, offering the potential for cor-
relation on a global scale.

2

—

3

—~

5

—

6

[

Changes occurring simultaneously and reflecting major Earth system
transitions (marine isotope record, global climate shifts, paleomagnetic
reversals) affect both the marine and terrestrial record and can be
deciphered within Middle Pleistocene-Holocene successions. Reading
astronomical climate forcing from Quaternary successions through a
cyclostratigraphic approach may help interpret stratigraphic patterns in
response to climatic and eustatic fluctuations, therefore providing a
comprehensive understanding of onshore and offshore stratigraphic



A. Amorosi et al.

architecture largely beyond the local scale.
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