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ICLE INFO ABSTRACT

In understanding the evolution of siliciclastic systems, Late Quaternary analogs may enable reliable predictive
models of facies tract architecture. The Po Plain Adriatic Sea system, where a wealth of research has been con-

stratigraphy Sediment ducted during the last 20 years, represents one of the most intensively investigated late Quaternary successions.
budget Late With the aid of a chronologically well constrained stratigraphy, paleoenvironmental evolution is tracked for the
Quaternary first time from fluvial to deep marine realms, over 1000 km in length. Vertical stacking trends (onshore) and
Po P'lai'“ stratal terminations (offshore) are the key observations that allow identification of surfaces with sequence
ﬁjlr;a“c Sea stratigraphic significance (systems tract boundaries) in the distinct segments of the system. Recurring motifs

in stratigraphic architecture, showing tight coupling of sedimentary responses among source area, catchment
basin, and coastal and marine depocenters, reveal a cyclicity driven by glacio eustatic fluctuations in the
Milankovitch band. Due to high rates of subsidence, middle Pleistocene forced regressive systems tracts are
exceptionally expanded, and the MIS5e MIS2 interval (Late Pleistocene) preserves a nearly continuous record
of fourth order (100 kyr) stepwise sea level fall. The stratigraphic architecture of Last Glacial Maximum deposits
highlights the genetic relations between channel belt development, pedogenesis, and sediment delivery to the
lowstand delta, through narrow incised valley conduits. The Late glacial Holocene succession records the last
episode of sea level rise and stabilization through well developed patterns of shoreline transgression/regression
(TST/HST) that can be readily traced updip, from offshore to onshore locations. Architectural styles across the
whole system reflect a dominance of allogenic forcing in the TST, as opposed to a predominantly autogenic
control on stratigraphic development in the HST. External drivers of facies architecture were also effective on
millennial timescales: the Younger Dryas cold reversal, which marks the transgressive surface on land, records
a short lived episode of subaqueous progradation that is correlative onshore with widespread, immature
paleosol development and small sized channel belt formation. Quantitative assessment of sediment budgets
over different time intervals requires precise positioning of the key bounding surfaces. Based on this approach,
we outline for the first time over the entire Po Adriatic Basin an estimate of the sediment volumes stored in
each systems tract.
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1. Introduction

Deciphering the mechanisms that regulate sediment production,
transfer and storage in a source to sink perspective and its integration
with sequence stratigraphic concepts may significantly help in under
standing and predicting the stratigraphic architecture of clastic
depositional systems (Blum and Womack, 2009; Catuneanu et al.,
2009). In a source to sink view, erosional and depositional landscapes
are linked by the sediment routing system (Allen, 2008), and
genetically related morphodynamic sectors can be viewed as distinct
segments of the dispersal system (Semme et al, 2009, 2011;
Martinsen et al., 2010; Paola and Leeder, 2011).

One of the aims of source to sink analysis is to extract quantitative
sediment flux data that can be integrated with stratigraphic models
for estimating sediment budgets from ancient successions. Sediment
flux to the coastal zone, and down to the deep basin, is conditioned by
a variety of factors, including geomorphic and tectonic influences,
climate, geology, and human activities (Syvitski and Milliman, 2007).
When attempting to reconstruct sediment budgets from the ancient
record, scaling relationships derived from modern systems may serve
to quantify unknown factors having knowledge of the others (Blum et
al., 2013; Semme and Jackson, 2013).

Owing to (i) limited stratigraphic resolution, (ii) tectonic distur-
bance, and commonly (iii) poor chronologic control, source to sink
analysis can hardly be tested in ancient successions. In contrast,
modern systems, where deposits and forcing mechanisms can be
independently dated and mapped, represent archives where process
controls can be thoroughly interrogated and, at least in part,
quantified (Blum et al., 2013). In this context, robust models of
relationships between strati graphic architecture and sea level or
climate change can be built up for late Quaternary or Holocene
successions much better than for any other period in Earth history.

Quaternary sedimentary successions have long represented one of
the key testing grounds for sequence stratigraphic models (Dalrymple
et al., 1994; Blum and Térnqvist, 2000; Boyd et al., 2006; Blum et al.,
2013), and the most comprehensive source to sink studies rely upon
recent continental margins, including the Fly/Strickland rivers Gulf of
Papua system (Walsh et al., 2004; Swenson et al., 2005; Slingerland et
al.,, 2008; Lauer et al., 2008; Walsh and Ridd, 2009) and the Waipaoa
River system on the East coast of New Zealand’s North Island
(Alexander et al., 2010; Carter et al., 2010; Gerber et al., 2010). In
order to investi gate the sedimentary response to fluctuations in sea
level, climate, and tectonics from catchment to deep basin, source to
sink analysis

7.  Transgressive systems tract (18 6calkyrBP) . . . . . . . . . . . ..
8.  Highstand systems tract (6 calkyr BP to Present) . . . . . . . . . ..
9.  The Po Plain Adriatic system: a source to sink approach . . . . . . . .

10. Sedimentbudget . . . . . . . . . . . ... ...,

has focused on comparatively small sized systems, encompassing
preferably short and steep rivers (Semme et al., 2009). In Europe, well
known examples are from the Norwegian continental margin
(Martinsen et al., 2010; Semme and Jackson, 2013) and the Golo River
system in NE Corsica, France (Semme et al., 2011; Calves et al., 2013).
A comprehensive assessment of land to deep sea sediment budgets
over millennia with significant climate change (glacial to interglacial
transitions) is almost lacking (Covault et al,, 2011).

The Po Plain Adriatic Sea system, within the Alpine Apennine
foreland basin (Fig. 1), is a peculiar setting, influenced by high and
laterally variable subsidence and sediment supply rates under rapid
high magnitude relative sea level change. A high amount of high
resolution, sequence stratigraphic research has been carried out over
the past two decades, both offshore (Trincardi et al., 1994, 1996;
Cattaneo and Trincardi, 1999; Trincardi and Correggiari, 2000;
Ridente and Trincardi, 2002, 2005, 2006; Ridente et al., 2008, 2009;
Maselli et al, 2010, 2011; Maselli and Trincardi,
2013a) and onshore (Amorosi et al., 1999a,b, 2003, 2004, 2005,
2008a,b, 2014; Scarponi and Kowalewski, 2004; Scarponi et al., 2013).
In this regional context, and based on well constrained physical
correlations, process observing research has shed light on strata
formation from flood events from the Po and Apennine rivers within
the EUROSTRATAFORM project (Nittrouer et al., 2004).

Beneath the Po Plain regional subsidence exhibits high values, of
about 1 mm/yr over the last 800 kyr. Owing to such high subsidence
rates, forced regressive deposits of late Pleistocene (post MIS5e) age
are exceptionally well preserved, with thicknesses up to 100 m
(Amorosi et al, 2004). Similarly, tectonic subsidence enhanced
accumu lation and preservation of the 350 m thick lowstand Po Delta,
in the shelf area north of the Mid Adriatic Deep (MAD in Fig. 1), along
with a set of mud prone regressive sequences recording the last four
100 kyr climate driven sea level cycles, south of the MAD (Trincardi
and Correggiari, 2000). The refined chronological framework available
for these Quaternary successions makes it possible to investigate the
interaction between fluvio deltaic, shelf and deep marine processes
under conditions of very rapidly fluctuating sea level and sediment sup
ply, both at the Milankovitch (100 to 20 kyr) and sub Milankovitch
(millennial to centennial) time scales.

The Po Plain Adriatic Sea system thus represents a uniquely
suited natural laboratory, where complementary offshore and
onshore research provides a modern analog of source to sink
analysis, with remarkable implications for hydrocarbon exploration.
Through a sum mary of detailed middle Pleistocene to Recent
sequence stratigraphy,
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Fig. 1. The Po Plain-Adriatic system at present (HST), central left, and its physiography reconstructed at time of maximum marine regression (LST), upper right, with inferred
drainage directions, drainage areas and sediment discharge (from Maselli et al., 2011). Qr: total sediment discharge; Qs: suspended-load discharge; Qg: bed-load discharge.

specific objectives of this paper are (i) to illustrate facies distribution
and stratigraphic preservation from the Po River catchment to the
deep Adriatic Sea; (ii) to test the sequence stratigraphic approach
through a chronologically well constrained example from alluvial
plain to continental slope domains forced by both local (i.e. autogenic)
and regional to global (i.e. allogenic) factors; (iii) to define the impact
of Milankovitch to sub Milankovitch scale climate change on systems
tract architecture within the late Quaternary depositional sequence
(MIS5e to MIS1); and (iv) to make a first quantitative assessment of

sediment budgets for the Po Plain Adriatic basin on a systems tract
scale.

2. Geological setting
2.1. Overview

The Po Plain Adriatic Sea system is part of the Alpine Apennine and
Dinarides Hellenides foreland, an elongated basin largely filled from



the Po River catchment located in the North (Fig. 1). The Po Plain, one of
the widest European alluvial plains (74,500 km?), is a densely
populated area that hosts about one third of the Italian population.
The Po River, the longest river in Italy (652 km), flows from West to
East with the largest sediment discharge into the Adriatic Sea. The
northern Apennines and the southern Alps are drained toward the Po
by numerous parallel rivers, and the axial Po fluvial system is oriented
sub parallel to the Apennines thrust front. The Adriatic Sea is a narrow
semi enclosed basin (roughly 200 km x 800 km) elongated in NW SE
direction and surrounded by three mountain belts: the Alps, in the
North, the Apennines, W and SW, and the Dinarides on the East.

The modern structural setting of the Po Plain and of the western
Adriatic margin reflects the Meso Cenozoic subduction of the Adriatic
plate and the accretion of the Apennine chain (Doglioni, 1993), which
induced a combined effect of (i) thrust loading, (ii) westward tilting
of the Adriatic margin along the thrust front, and (iii) asymmetric
sediment flux with clear dominance of sources from the W and SW,
where uplift and erosion of older deposits were greatest. After an
earlier phase dominated by basin floor turbidite sedimentation,
during the Quaternary the Adriatic basin became increasingly
dominated by progradational deposits advancing from the Po Plain
along the major axis of the basin, NW SE (Ori et al., 1986). This change
in depositional style reflects, primarily, an interval of decreased uplift
and reduced eastward migration of the Apennine front and allows this
basin, as a whole, potentially to record all Milankovitch types of
cyclicity and related unconformities.

Today the shelf break is about 300 km away from the northern
Adriatic coast and the shelf presents a gentle dip of about 0.02° toward
the SE. The MAD (Fig. 1), South of the shelf break, represents a small
slope basin with maximum depth of 260 m, which has been progressively
filled from the NW by the Po River delta during repeated Quaternary
phases of sea level fall and lowstand (Ciabatti et al., 1987; Dalla Valle
et al,, 2013a,b). The last progradational wedge originated during the
Last Glacial Maximum or LGM (Trincardi et al., 1996; Cattaneo and
Trincardi, 1999; Asioli et al., 2001). In the Central Adriatic the continental
shelf extends seaward about 50 km parallel to the front of the Apennine
chain, with a more pronounced seafloor dip of 0.3° 0.7°. The South
Adriatic is a deeper basin showing complex slope morphology and
maximum depth of about 1200 m (Fig. 1). The Mid Adriatic Deep and
the South Adriatic Basin are connected through the Pelagruza Sill, a few
tens of km wide and reaching a depth of 180 m (Trincardi et al., 2014).

2.2. Tectonic setting

The westward subduction of the Adria plate, a promontory of the
African plate, in the context of the convergence between the
European and African plates, during the last 25 Ma led to the
formation of the Apennine chain. At that time, the Po Plain Adriatic
basin became a foreland domain where thick syn orogenic clastic
sequences were deposited (Doglioni, 1993). During the Pliocene and
Pleistocene, the Po Plain and the Central Adriatic basin were affected
by high subsidence rates because of the eastward rollback of the
Apennine subduction hinge (Royden et al., 1987). Due to the fast
subsidence induced by the tectonic loading of the two chains, the more
external fronts of the Alpine and Apennine thrust belts were buried
beneath the Po Plain (Burrato et al., 2003) and the Central Adriatic
(Maselli et al, 2010). The Adriatic foredeep, south of Gargano
Promontory has been, in contrast, character ized by uplift since the
Middle Pleistocene (Doglioni et al, 1994; Scrocca, 2006; Ridente
and Trincardi, 2006). This different tectonic behavior has been
ascribed to differences in thickness of the west directed subduction
of the Adriatic lithosphere (Pieri and Groppi, 1981; Royden et al.,
1987; Doglioni et al., 1994).

Diffuse folding and thrusting have been imaged in the subsurface
of the Po Plain by geophysical studies (Pieri and Groppi, 1981). In
particular, the North Apennine frontal thrust system, buried below
the southern margin of the Po Plain (Ferrara and Emilia arcs) makes
this

area seismically active, as confirmed by the M 6.0 earthquake of 2012
(Caputo et al., 2012). Because of its active structural framework, the
Pliocene Quaternary Po Basin fill shows comparatively reduced thickness
(about 100 m) in ramp anticline zones, whereas it may exceed 7000 m in
the thickest depocenters (Pieri and Groppi, 1981; Doglioni, 1993; Regione
Emilia Romagna and Eni Agip, 1998; Carminati et al., 2003 Fig. 2A). In the
Mirandola anticline, one of the fastest growing structures of the whole
Apennines, vertical displacement rates of up to 1.7 mm/yr have been cal-
culated (Burrato et al., 2003; Carminati and Vadacca, 2010).

The sedimentary record of the Po Basin is asymmetric, with a
depocenter shifted toward the Apennines filling a wedge shaped basin
with the deep part of the wedge adjacent to the thrust front (Regione
Emilia Romagna and Eni Agip, 1998; Picotti and Pazzaglia, 2008). The
basin fill records an overall “regressive” trend, from deep marine to
continental deposits (Ricci Lucchi et al., 1982). Stratal geom etries,
visible in seismic lines, clearly show that the degree of tectonic
deformation progressively decreases from the oldest (Pliocene) to the
youngest (late Quaternary) units (Fig. 2A).

2.3. Oceanographic setting

The Adriatic basin displays a general counter clockwise circulation
pattern driven by wind forcing and freshwater input from the Po and
Apennine rivers (Qw is about 5700 m> s~! on average). Altogether,
three main water masses impact the Adriatic Sea: (i) the Levantine
Intermediate Water (LIW), flowing in from the eastern Mediterranean
through the Otranto Strait; (ii) the North Adriatic Dense Water
(NAdADW), forming in the Northern Adriatic shelf during cold wind out
breaks in late winter (Bergamasco et al., 1999; Vilibi¢, 2003; Benetazzo
et al., 2014; Chiggiato et al., 2015; Carniel et al,, 2015); and (iii) the
South Adriatic Dense Water (SADW), forming through a mechanism of
open ocean convection in the southern Adriatic deep. The NAADW, in
particular, is a very dense water mass that flows south as an underflow
vein along the isobaths (Artegiani and Salusti, 1987; Artegiani et al.,
1997; Vilibi¢ and Supi¢, 2005; Querin et al., 2013) ata depth of 50
150 m, impinging the western rim of the MAD (Jabuka pit in Fig. 1;
Marini et al., 2015); past the Gargano Promontory the NAADW sinks
into deeper waters, extensively impacting the sea floor morphology
(Verdicchio and Trincardi, 2006; Trincardi et al., 2007a,b). The SADW
is the result of the permanent South Adriatic cyclonic gyre, and
interacts with the LIW and NAdADW as it flows through the Otranto
Strait, the bottleneck connection to the eastern Mediterranean.

In response to these intense cooling episodes, the heat fluxes from
the ocean to the atmosphere can reach values up to 1000 W/m? (Supi¢
and Orli¢, 1999; Boldrin et al., 2009) and waters present a potential
density anomaly exceeding 29.6 kg m—> (Bergamasco et al., 1999;
Vilibi¢ and Supi¢, 2005), up to 30.0 kg m—> (Supi¢ and Orli¢, 1999).
The dense waters tend to flow along topographic features as a quasi
geostrophic flow (Benetazzo et al., 2014) and are responsible for
sediment redistribution along the Italian coast, as documented by
Cattaneo et al. (2003, 2007).

2.4. Sediment flux to the Adriatic Basin

In its northernmost portion, this marginal semi enclosed basin
within the northern Mediterranean constitutes a shallow continental
shelf with depths on the order of a few tens of meters, occasionally
exposed to intense winds. In this area, the Po discharges its freshwater
at a rate of 1500 m® s~! (yearly averaged value, Nelson, 1970; Falcieri
et al., 2013). Fluvial sediment sources are located dominantly along
the western side of the Adriatic Basin, with combined modern delivery
of 51.7 x 10° tons yr~! of mean suspended load. The sediment yield
from the Dinarides is negligible because of the intensely fractured and
karstic nature of the catchments, trapping water flows and sediment
in basins close to the coastal area. The contribution from the eastern

Alpine rivers is 3 x 10%tons yr~!, from the Po is 15 x 10° tons yr !,
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and from the eastern Apennine rivers is 32.2 x 10° tons yr~'and 1.5 x
10° tons yr~!, respectively North and South of the Gargano
Promontory (Cattaneo et al., 2003). In spite of their smaller drainage
areas, the cumulative sediment yield of the Apennine rivers doubles
that of the Po River, mainly reflecting muddier catchment basins.
Seasonal asynchronous flood cycles affecting distinctive reaches of the
Po catchment result in bimodal river discharge and greatest concentra-
tions of suspended load, with distinct peaks in spring and autumn,
respectively (Correggiari et al., 2005a; Syvitski et al., 2005). A flux of
568 kg s~ ! corresponds to an average concentration of suspended sed-
iment of 336 mg 1! at Pontelagoscuro (Fig. 1). The average monthly
concentrations for April and December are about 500 mg 1~!, but
under flood conditions monthly averages of 3100 to 4350 mg 1~ ! have
been reported. Sediment flux is 10.4 x 10 m> yr~' and sediment yield
is 214 tons km 2 yr~! (Syvitski et al., 2005).

3. Middle-late Pleistocene record of Milankovitch-scale cyclicity

A ~100 kyr periodicity in sea level change for the middle late
Pleistocene is well established (Hays et al., 1976; Chappell and
Shackleton, 1986), and it is well known that 100 kyr, eccentricity
driven cycles reflect major changes in ice volume (Lisiecki and Raymo,
2005). The middle late Pleistocene 100 kyr cycles are markedly
asymmetric, with long phases of relative sea level fall followed by
short periods of stabilization and rise (Waelbroeck et al., 2002). This
characteristic pattern records rapid phases of ice melting as opposed to
comparatively longer periods of ice growth (Lisiecki and Raymao, 2005).

The ~100 kyr periodicity impacted significantly the stratigraphic
architecture of Quaternary margins during the past ~800 kyr (Lobo
and Ridente, 2014). In the Po Plain Adriatic system, the Po Delta
moved back and forth repeatedly during the middle late Pleistocene,
under the control of high frequency sea level fluctuations. The
resulting poly phased progradational history of the Po River generated
a broad delta plain that was largely drowned during the modern high
sea

level interglacial, leading to the formation of the N Adriatic shelf. This
drowned shelf lies between the present Po Plain and the MAD, a 260 m
deep slope basin fed by river borne fine grained turbidites (Trincardi et
al., 1996; Ghielmi et al., 2013). South of the MAD, a narrow shelf
developed along the W Adriatic margin, confined seaward by
morphological highs that reflect deformation along the Apennine thrust
belt front. Most of the western shelf sector was starved during the
glacial (lowstand) intervals because (i) it was progressively exposed
during sea level fall and lowstand phases (Trincardi and Correggiari,
2000); (ii) the Po River intercepted most of the Apennine rivers flowing
from WNW and debouched as a “mega river” into the MAD, depriving the
area to the south of a greater part of the sediment discharge (Ciabatti et
al.,, 1987; Kettner and Syvitski, 2008).

From a sequence stratigraphic perspective, the ca. ~100 kyr middle
late Pleistocene cycles correspond to 4th order depositional sequences.
Each of them, in turn, is subdivided into its systems tracts components.
In Sections 5 to 8, we explore the stratigraphic architecture of the
post MIS5e interval across the Po Plain Adriatic system, including the
four systems tracts (forced regressive, lowstand, transgressive, and
highstand) developed during the last cycle of relative sea level fall and
rise that followed the Last Interglacial (MIS5e).

3.1. Onshore stratigraphy

The major architectural components of the Pliocene Quaternary
succession in the Po Basin stack to form a two fold, cyclic hierarchy of (i)
third order depositional sequences (sensu Mitchum et al., 1977), about
100 1000 m thick, separated at the basin margin by tectonically formed
angular unconformities (Fig. 2A); and (ii) fourth order, trans gressive
regressive sequences (Fig. 2B), approximately 50 100 m thick,
controlled by glacio eustatic fluctuations (Amorosi et al., 2014).

A cyclic vertical stacking of marine and continental deposits, with
thicknesses of about 50 100 m, reveals the overprint on stratigraphic
architecture of middle late Pleistocene Holocene sea level and climate



fluctuations in the distal portion of the Po Basin (Fig. 2B). Above a re-
gional unconformity dated to 0.87 Ma BP (Muttoni et al., 2003), eight
transgressive regressive (T R) depositional cycles have been identified
and physically tracked throughout the Po Basin (Ori, 1993; Regione
Emilia Romagna and Eni Agip, 1998; Regione Lombardia and ENI
Divisione Agip, 2002; Amorosi et al., 2014 Fig. 2B).

Distinctive cyclic changes in lithofacies and channel stacking
patterns are the most prominent feature of the T R sequences. On a
basin scale, the transgressive surfaces are the most readily identifiable
surfaces and represent the bounding surfaces of sedimentary packages
that accumulated over time spans of ~100 kyr. These surfaces are basin
wide stratigraphic markers that demonstrate greater extent and
correlation potential than the sequence boundaries or the maximum
flooding surfaces (Bhattacharya, 2011). The T R sequences are best
recognized beneath the modern coastal plain and the delta, where
typical transgressive regressive coastal wedges form the transgressive
and highstand systems tracts (TST + HST in Fig. 2B). The wedge
shaped shallow marine bodies are separated by thick packages of
alluvial deposits, representing the falling stage and lowstand systems
tracts FSST + LST in Fig. 2B). In more internal positions, close to the
basin margin, the T R cycles consist of basal overbank facies with isolated
fluvial channel sand deposits. Upwards, a vertical transition to higher
sand/mud ratios is observed, and the fluvial bodies become increasingly
abundant, amalgamated and laterally continuous (LST), forming
distinctive channel belt sand bodies. Local variability in subsidence
rates may cause variation in the vertical spacing of channel belts from
site to site (see Wilson et al., 2014). Following Catuneanu et al.(2009),
we use here the traditional sequence stratigraphic nomencla ture in
lieu of the common partition of alluvial successions into low/high
accommodation systems tracts (Olsen et al. 1995; Posamentier and
Allen, 1999; Plint et al., 2001), because of the lateral correlation of
fluvial architecture with shoreline transgressions and regressions.

3.2. Offshore stratigraphy

The middle late Pleistocene 100 kyr climatic and eustatic cyclicity
observed in the Po Plain is also recorded offshore, and particularly in
the outer shelf region West and South of the MAD, where four
eccentricity driven cycles of sea level change are recorded by as many
regressive sequences (Piva et al., 2008a,b; Ridente et al., 2009). On the
Central Adriatic Shelf these sequences are bounded by high amplitude
reflectors with very gentle seaward dips that truncate oblique
tangential clinoforms dipping seaward at angles typically fractions of a
degree (Trincardi and Correggiari, 2000; Ridente and Trincardi, 2002).
The four regressive sequences extend over distances of up to 300 km,
from the Central to the South Adriatic Shelf and form a composite shelf
wedge with contrasting stacking patterns, denoting distinct long term
margin behaviors with dominant tectonic subsidence in the Central
Adriatic and increasing landward uplift rates in the South. The
depocenters of all sequences are elongated parallel to the basin margin
and to the Tremiti high, which was emergent during each sea level
lowstand. In the Central Adriatic the four sequences form a composite
backstepping shelf perched wedge reflecting subsidence (Maselli et al.,
2010). South of the Tremiti high, the depocenters of the four
sequences are reduced in thickness and are more discontinuous,
recording syn sedimentary structural deformation of the margin in the
vicinity of the Gargano Promontory (Ridente and Trincardi, 2002,
2006). Farther South, the four sequences show an overall seaward shift
from the oldest to the youngest, defining a forestepping stacking
pattern. Syn depositional tectonic deformation is evident, particularly
in the presence of inherited tectonic structures, the most evident of
which is the Gondola deformation belt (Ridente and Trincardi, 2006).

In the context of PROMESS1, a European Union project, two
continuous recovery boreholes (PRAD1 2 and PRAD2 4) were drilled
in the Central Adriatic, in 186 m water depth on the upper slope, and
in 54 m on the inner shelf, respectively (Fig. 3). Borehole PRAD1 2

penetrated 71.2 m through a stratigraphic interval characterized by
sub parallel seismic reflections and uniform seismic units. Based on an
age depth model grounded on several independent proxies (including
foraminifer and nannoplankton stratigraphy, d'0 curves, magneto-
stratigraphy, tephra stratigraphy and, for the upper part, '“C dating)
the cored interval records Marine Isotope Stages (MIS) from MIS1 to
the top of MIS11, thus encompassing the past 370 kyr (Piva et al.,
2008a,b; Bourne et al., 2010). This continuous record through the last
four glacial interglacial cycles from a proximal continental slope
setting indicates that margin progradation occurred dominantly
during inter glacial intervals (MIS5, MIS7, and MIS9), and appears
composed of thicker packages formed during the interstadials, with
thinner forced regressive systems tracts (FSST) deposited during
stadial periods above distinctive downward shift surfaces (Ridente et
al., 2009). The development of interstadial deposits with distinctively
thicker and more extensive bottomsets reflects enhanced shore
parallel advection any time sea level rise led to the drowning of the
Adriatic shelf, likely triggering the formation of dense water and
vigorous cyclonic circula tion. This advection mechanism persisted in
each cycle, progressively decreasing as sea level fall approached the
maximum lowstand position, when most of the shelf became exposed.

4. Data and methods

This review paper relies on data partially published in previous
papers focused on specific aspects of the evolution for individual
components of the Po Plain Adriatic system. On land, stratigraphic
correlations have been built upon a high quality data base with
extensive core control, and refined facies analysis represents the
building block for sequence stratigraphic analysis. Over 250
continuous cores (Fig. 4), 30 175 m long, recovered by the Emilia
Romagna Geological Survey during the 1990s and the 2000s as part of
the Geological Mapping Project of Italy to 1:50,000 scale, were
analyzed in detail over the last 20 years. Facies characterization was
carried out through multi proxy investigations on a significant part of
these cores, including mollusks (Scarponi and Kowalewski, 2004,
2007; Scarponi et al., 2013; Wittmer et al., 2014; Kowalewski et al.,
2015), the meiofauna (Amorosi et al., 1999a,b, 2003, 2005, 2008a;
Rossi and Vaiani, 2008; Rossi and Horton, 2009; Dinelli et al., 2013),
pollen (Amorosi et al, 1999b, 2004, 2008b), sand petrography
(Marchesini et al., 2000), and whole rock geochemis try (Amorosi et
al., 2002, 2007; Bianchini et al., 2002, 2012; Curzi et al., 2006; Amorosi
and Sammartino, 2007, 2014; Amorosi, 2012). Facies calibration and
mapping have been complemented by data from thousands of core
descriptions and piezocone penetration tests made available by the
Emilia Romagna Geological Survey. All facies and sediment
provenance information reported in this paper summarizes this large
body of research.

Offshore, the database collected by ISMAR over the last 20 years
includes more than 800 gravity and piston cores (typically <15 m in
recovery), 2 long cores (boreholes PRAD1 2 and PRAD 2 4) collected
within the EU project PROMESS 1, and a total of 80,000 km of high
resolution seismic profiles using a 16 transducers hull mounted CHIRP
sonar source (Fig. 4). In addition, the data set includes single trace 1 k]
sparker profiles and a small set of high resolution multi channel
profiles collected firing a S30 Water gun source, and recorded with a
48 channel streamer with typical trace interval of 6.25 m.

Stratigraphic correlations across the shoreline in a source to sink
frame are not straightforward. Acquisition, investigation and
interpreta tion of stratigraphic and sedimentological data in the
subaerial and submarine realms bear intrinsic differences: on land,
drilling operations, including continuously cored boreholes and
piezocone penetration tests are relatively inexpensive compared to
prices offshore, and a dense network of 30 40 m long boreholes may
provide a sound basis for physical correlation of the key surfaces and
facies characterization of late Quaternary deposits. On the other hand,
high resolution geo physical data are difficult to acquire, for both
technical and logistical
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Maselli et al., 2010).

reasons. Specifically, the upper few tens of meters below the ground
typically provide inconsistent or poorly resolved reflection geometries.
Furthermore, alluvial and coastal plains are densely populated areas,
and permits for geophysical surveys can be very hard to obtain.

In marine environments, seismic stratigraphic data can be collected
in nested multi frequency surveys with complementary spatial and
vertical resolution, and key reflections in undeformed settings can be
traced over hundreds of kilometers. Coring is commonly achieved only
for the upper 10 m below the seafloor, while longer boreholes require
extremely expensive research projects (PROMESST, in the Adriatic is
an example). In addition, oil companies in their search for suitable
reservoirs in the deep subsurface normally wash their boreholes in the
upper several tens to few hundred meters below sea floor, thereby
losing the opportunity to collect data from the late Quaternary
sedimentary packages. The coastal zone also presents difficulties for
the acquisi tion of geophysical offshore data: reverberation increases
dramatically as the seafloor shoals, and shallowly buried biogenic gas
may further hamper signal penetration.

5. Forced regressive systems tract (~115 30 cal kyr BP)
5.1. Onshore stratigraphy

The Po Plain is a high accommodation setting characterized by huge
stratigraphic expansion. Contrary to the early sequence stratigraphic

models (Posamentier et al, 1988; Posamentier and Vail, 1988),
which postulate a typical mechanism of incision and complete
sediment bypass in response to relative sea level fall at the basin
margin, the Po Plain preserves an unusually thick record of forced
regressive (or falling stage Plint and Nummedal, 2000) deposits
(see discussion in Blum and Térnqvist, 2000; Blum et al, 2013).
Tectonic subsidence in this area was locally able to compensate
for subsequent middle to late Pleistocene relative sea level fall,
allowing accommodation creation and accumulation of alluvial plain
deposits even during intervals of forced re gression. As a consequence,
the thickness of the MIS5e MIS2 succession in the subsurface of the Po
Plain may exceed 100 m (Amorosi et al,, 2004).

Two prominent stratigraphic markers, corresponding to wedge
shaped coastal sand bodies with very similar internal architecture, are
recurrently recorded beneath the modern coastal plain, at 0 30 m and
100 120 m core depth intervals, respectively (Amorosi et al., 2004 Fig.
2B). These nearshore to shallow marine packages, corresponding to
transgressive and highstand deposits (see Sections 7.1 and 8.1), can
readily be tracked in the subsurface of the Po Plain, parallel to the
Adriatic shoreline, and bracket a thick succession of mud prone,
extensively pedogenized alluvial deposits (FSST and LST in Fig. 2B).
Following the south sloping Pedealpine homocline, the MIS5e coastal
sand body is identified at progressively lower depths north of the Po
Delta, into the subsurface of the Venetian and Friulian coastal plains
(Ferranti et al., 2006), thus confirming the crucial role played by
tectonic subsidence in shaping the Po Basin fill (see also Carminati et
al., 2003).
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A nearly continuous record of post MIS5e stratigraphy in the Po
Plain has been documented by two long cored pollen profiles
(Amorosi et al., 2004, 2008b) and by their correlation with coeval
pollen series from southern Europe (Woillard, 1978; Follieri et al.,
1988; Tzedakis et al., 1997). Pollen spectra from Core 223 S17 provide
independent chronologic constraints, and highlight the combined
effect of sea level and climate changes on cyclic facies architecture
(Fig. 5). The onset of transgressive, nearshore sedimentation in the Po
Plain was invariably accompanied by repeated expansions of oak
(Quercus) forests, a pollen signature diagnostic of warm climate
(interglacial) periods. In contrast, transition to stable continental
environments during phases of relative sea level fall is fingerprinted
by very low pol len concentrations, showing the development of
shrubby herbaceous communities, with parallel expansion of Pinus
and the retreat of the temperate woodlands. These pollen types reflect
the onset of a cold climate vegetation characteristic of stadial to fully
glacial conditions.

Weaker expansions of broad leaved and/or coniferous (excluding
Pinus) arboreal vegetation (see the AP1 + AP2 profile in Fig.
5)indicate episodes of climatic amelioration that have been
interpreted as intersta dials. Three episodes of relative climate
warming, marking the MIS5c, MIS5a, and MIS3 interstadials,
respectively, are invariably related to minor transgressive pulses,
documented by the development of laterally extensive paludal/lagoonal
horizons within the monotonous continental succession (Amorosi et al.,
2004). A primary control of glacio eustatic fluctuations on facies
architecture is confirmed by the striking coinci dence between the AP1
+ AP2 profile and the relative sea level curve forthe last 150
kyr (Fig. 5).

Upstream persistence of vegetation contrasts between glacial and
interglacial facies successions is robust in the Po Basin and suggests
that depositional processes and alluvial facies were strongly coupled
to the prevailing climate conditions (Blum and Aslan, 2006).
Landwards of the line of maximum shoreline migration, the
diagnostic record of

glacial/interglacial transitions, i.e. thermophilous forest expansions, is
observed at the base of thick intervals of overbank fines on top of
laterally extensive fluvial channel belts (Amorosi et al., 2008b Fig. 2B).
This pollen signal documents that the major phases of channel
abandonment and widespread floodplain aggradation in the central
Po Plain took place at the onset of warm temperate (interglacial)
climatic conditions, in association with (or, possibly, in response to)
phases of rapid sea level rise.

5.2. Offshore stratigraphy

The youngest Pleistocene sequence records the interval from the
MIS5e sea level highstand to the onset of the LGM (Fig. 6); subtle
variations in the internal seismic reflection patterns reflect the
stacking of distinct systems tracts (Ridente and Trincardi, 2002,
2005). Packages of landward onlapping, plane parallel reflectors are
locally found within the basal portion of the depositional sequence; in
particular, the basal seismic unit characterized by landward onlapping
plane parallel reflections is interpreted as a transgressive deposit
(TST). The overlying multiple stack of progradational clinoforms is
interpreted as a succes sion of highstand to forced regressive wedges
deposited as a continuum with gradually seaward increasing
clinoform angles. Highstand deposits (HST) can be tentatively
distinguished from forced regression deposits (FSST), because
internal seismic reflectors in the HST are structured as very low angle
oblique tangential clinoforms with well developed plane parallel
bottomset drapes; the FSST includes progressively steeper oblique
tangential clinoforms, with sharper downlap and reduced distal
drape, where present (Ridente and Trincardi, 2002).

The uppermost FSST has a distinctive internal architecture and
lithologic composition compared to the underlying forced regressive
deposits of the same sequence. This unit (Distal Forced Regressive
Wedge or DFRW) is characterized by a concave, high amplitude basal
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maximum flooding surface.

reflection, a convex top reflection and a markedly irregular internal
seismic reflection pattern, with closely spaced diffraction hyperbolae,
that has no equivalent in the older forced regression units (Ridente
and Trincardi, 2005). The basal reflection of the DFRW is a marked
downlap surface, interpreted to represent the last steps of sea level
fall that led to the last glacial lowstand. The top reflection of the
DFRW merges landward with the shelf wide unconformity and
becomes conformable seaward. Cores that penetrated DFRW North
and South of the Gargano Promontory show cm scale layers of fine
sand, indicating a coarsening upwards trend relative to the older
forced regressive units (Ridente and Trincardi, 2005).

6. Lowstand systems tract (~30 18 cal kyr BP)
6.1. Onshore stratigraphy
Several sequence stratigraphic models have predicted the

presumed position of paleosols within non marine deposits (Van
Wagoner et al,, 1990; Wright and Marriott, 1993; Hanneman and

Wideman, 2006; Cleveland et al., 2007; Mack et al., 2010; Gibling et
al.,, 2011; Varela et al., 2012), and the role of paleosols formed at inter-
fluve sequence boundaries (i.e. adjacent to paleovalley systems,
during prolonged periods of channel entrenchment) has also been
highlighted by sequence stratigraphy (Van Wagoner et al., 1990;
Gibling and Bird, 1994; Gibling and Wightman, 1994; Aitken and Flint,
1996; McCarthy and Plint, 1998; Plint et al., 2001). These models,
however, mostly rely upon combinations of well log, outcrop and
seismic data from the ancient record, where chronologic control of
alluvial sedimentation is extremely limited. In this regard, the Po Plain
may serve as an intriguing Quaternary analog with high resolution
chronology.

In the subsurface of the Po Plain, closely spaced paleosols of latest
Pleistocene age form prominent stratigraphic markers across lithologi
cally homogeneous overbank fines, and are laterally associated with
channel belt development (Fig. 7A). Particularly, the repeated alterna-
tion of pedogenized horizons with non pedogenized alluvial strata,
forms aggradationally stacked, paleosol bounded packages, a few m
thick, that can be physically tracked over distances of tens of km
(Amorosi et al., 2015). These paleosols are weakly developed, with
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A Bw Bk C profiles (Inceptisols of Soil Survey Staff, 1999 Fig. 8A), and
mark short lived phases of subaerial exposure, in the range of a few
thousand years.

Paleosols can be identified on the basis of a variety of subsurface
proxy data, including facies analysis on cores, paleopedological data,
geotechnical properties and piezocone penetration tests (Amorosi et
al., 2014). The high potential of the engineering properties of
sediments for the high resolution stratigraphy of unconsolidated
Quaternary deposits has been illustrated by Amorosi and Marchi
(1999), who demonstrated that paleosol identification can be carried
out through the combination of cone tip penetration, sleeve friction
and pore pressure values. Pocket penetrometer resistance, a supple-
mentary information normally available from most core descriptions,
may serve as a reliable, additional tool for paleosol recognition and
stratigraphic profiling (see facies characterization in Table 1 Amorosi
etal., 2015).

Based on radiocarbon dates (Fig. 7A), soil development appears to
be coeval with the long phase of sea level fall and climate cooling
that occurred after the MIS5 MIS4 transition, especially at the
transition between MIS3 and MIS2 (FSST/LST boundary). Fluvial
incision into older alluvial deposits likely took place under a mixed,
climatic and eustatic control (Amorosi et al, 2014). The well
developed paleosol formed at the onset of the Last Glacial
Maximum (red line in Fig. 7) is interpreted to represent the
sequence boundary. This

horizon is laterally traceable off the interfluve into a highly
diachronous surface at the base of laterally extensive fluvial channel
bodies (Figs. 7 and 8B).

Despite objective difficulties in defining the style and character of
the fluvial systems from relatively sparse subsurface data, it is
apparent that lowstand deposition was characterized by well defined
channel belt sand bodies, with a relative abundance of channel facies
and paucity of floodplain deposits (Fig. 7). Fluvial stratigraphic
architecture varies along an axis to margin transect. A higher
proportion of channel belts and splays is observed in the axial part of
the system, where the Po River exhibits larger and thicker channel
belt sand bodies, with higher net to gross than their Apennine
counterparts (Amorosi et al., 2014).

The Po channel belt sand body commonly exceeds 20 km in width
(Fig. 7A). Laterally amalgamated fluvial bodies are interpreted as
deposits of braided and low sinuosity rivers that developed under
conditions of increased sediment supply. Low accommodation during
lowstand phases possibly favored lateral migration of river channels,
with widespread development of scour and fill episodes. The multi
storey character of the channel belts, which may exceed 30 m in
composite thickness, suggests continuous creation of accommodation
by tectonic subsidence, which resulted in the storey architecture, with
high degree of amalgamation and channel connectivity (Fig. 7A).
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6.2. Offshore stratigraphy

The Adriatic basin presents an exceptionally thick LST formed
during the LGM and partitioned in two main depositional domains: an
extensive alluvial plain, corresponding to the modern, low gradient
Adriatic shelf (North of the MAD; Fig. 6), and a shelf edge delta, over
350 m thick, which constitutes the northern flank of the MAD
(Trincardi et al., 1996; Maselli et al., 2011). The alluvial plain deposi
tional system is difficult to resolve entirely on high resolution seismic
profiles, because of the high reverberation and limited signal penetra-
tion across over consolidated clays and/or because it is deeply buried
below younger TST and HST deposits along a mud belt that parallels
the Italian coast. Away from this mud belt, the alluvial plain deposits
show, in sediment cores, terrestrial gastropod faunas and peat
horizons, locally accompanied by sandier crevasse splay units. The
alluvial depositional system is characterized by aggradational
packages, a few tens of meters thick, and by a complex set of
shallowly cut channelized features. Despite the dense grid of
geophysical data, no major valley systems have been observed. The
thick lowstand delta North of the MAD is dominantly composed of
muddy units deposited rapidly during the LGM, and likely recording
short term sediment supply fluctuations and lobe switches (Trincardi
et al, 1996). The deltaic deposits are organized in sigmoidal
clinoform, with an overall weakly aggradational shoreline trajectory,
where the sand component is restricted to the topset region and the
bulk of the clinoform is fine grained. Distally, the clinoform pass into a
basin floor section consisting of thin bedded

turbidity current deposits that pinch out toward the southern flank of
the MAD (Fig. 9).

The lowstand systems tract includes an extensive acoustically trans
parent deposit ponded in the topographic low of the MAD underneath
the LGM lowstand delta (Fig. 6). This deposit displays an irregular
upper surface and a chaotic or transparent internal seismic facies,
indicating a lack of coherent stratification, likely in response to
mechanical remolding. Despite its thickness, this deposit does not
prevent penetration of the high frequency acoustic signal from CHIRP
sonar below its base and, in the lack of direct sampling, can be
considered likely dominantly muddy (Trincardi et al,, 2004; Fig. 6).
Stratigraphic position of the mass transport deposit is within the lower
portion of the lowstand wedge. Therefore, it is not equivalent to that of
a basin floor fan, sensu Hunt and Tucker (1992), located immediately
above a sequence boundary and beneath a lowstand wedge. Similar
mass transport deposits formed within lowstand wedges at the
expense of selected clinoform wedges during previous Pleistocene sea
level cycles (Dalla Valle et al., 2013b), suggesting that accumulation
rate is a main predisposing factor for this type of sediment failure.

The sequence boundary marks the top of the forced regressive
wedge prograding from the South and West toward the MAD (Ridente
and Trincardi, 2002). Dating of the deposits below the pinch out of
the acoustically transparent deposit (Trincardi et al., 1996; Piva et al.,
2008a,b) and above the progradational wedge (Asioli et al., 1999,
2001), indicates an age of between 30 and 18 cal kyr for the Po lowstand



Fig. 8. Representative core photographs from the subsurface of the Po Plain, depicting
vertical stacking of lowstand (LST) and transgressive (TST) facies associations, with
related key surfaces for sequence stratigraphic interpretation. A: pedogenized floodplain
(F) succession, with closely-spaced paleosols (P) capped by a composite, interfluve
sequence boundary (red line). B: sequence boundary (red line) separating the lowstand
Po channel belt (Ch) from older floodplain deposits (F). C: characteristic deepening-
upward succession of swamp (Sw), lagoonal (L) and transgressive shoreface (Ts) facies
(TST) onto lowstand and older floodplain deposits (F). The red line is the sequence
boundary (P = paleosol), the blue line is the transgressive surface (YD = Younger
Dryas paleosol), the orange line is the ravinement surface. D: ravinement surface (orange
line) separating back-barrier (lagoonal — L and washover — Wa) facies from shallow-
marine (transgressive shoreface — Ts to offshore — of) deposits (TST). E: maximum
flooding surface (green line) landwards of the line of maximum shoreline migration,
within lagoonal (L) deposits onto transgressive swamp (Sw) facies. Core bottom is
lower left corner. Core width is 10 cm.

delta, above the mass transport deposit (transparent unit), thus
encompassing the LGM.

7. Transgressive systems tract (18 6 cal kyr BP)
7.1. Onshore stratigraphy

Beneath the modern coastal plain and the Po Delta, the transgressive
surface (maximum regressive surface of Catuneanu et al., 2009) sepa-
rates lowstand glacial deposits from an overlying, typically deepening
upward succession, formed under interglacial conditions (Figs. 7B and
8C). Initial flooding on the interfluves is generally marked by the
sharp lower boundary of Holocene organic rich swamp or poorly
drained floodplain deposits (Fig. 7). These facies associations
commonly overlie pedogenized, well drained Late Pleistocene
floodplain deposits (Figs. 7 and 8C). The transgressive surface is easily
recognizable on the

Table 1

Sedimentary structures and accessory components

Common pocket

Fossils

Grain-size
trends

Lithology

Thickness Lower boundary

Facies association

penetration values

(kg/cm?)

Basal pebble lag, rip-up clasts, high-angle cross-lamination,

amalgamation surfaces

FU Rare (reworked)

Gravel to fine sand

Erosional

2-30m

Fluvial channel

Root traces, ripple-drift cross-lamination

Barren

Fine sand-silt alternation
Medium to fine sand

Gradational

0.5-2m
0.5-2m

Levee

Flat lamination, high-angle cross-lamination

Barren

FU (channel)
CU (splay)

Erosional (channel)
gradational (splay)
Sharp/gradational

Crevasse

Root traces, mottling, brownish color, yellow to red hues

Barren 1.2-2.5 (paleosol 3-5)
common, Fe and Mg oxides, abundant paleosols

Silt and clay

1-30m

Floodplain

Grey colour dominant, wood fragments, rare paleosols

0.8-1.2

Rare freshwater

Silt and clay, locally

organic-rich

Sharp/gradational

1-5m

Poorly drained

floodplain
Distributary

Basal pebble lag, wood fragments

Rare (transported)

FU (channel)
CU (delta)

Medium to fine sand

Erosional (channel)
gradational (delta)

m

1-6

channel/bay head

delta
Swamp/inner

Dark grey to black color, wood fragments

0-1.2

Ccu Common freshwater

Organic-rich clay and peat

Sharp/gradational

1-15m

estuary
Lagoon/bay/outer

Wood fragments (proximal), mollusc shells (distal)

Brackish (mud), transported 0.2-1.2

marine assemblage (sand)

Clay (proximal) to sand-clay

alternation (distal)

Sharp/gradational

1-10m

estuary
Transgressive barrier

Offshore

Basal fossiliferous lag

Mixed nearshore assemblage
Open marine, high diversity,

transported (sand)

FU

Medium to very fine sand

Sand-silt to silt-clay

Erosional
alternation
Clay

0.5-2 m

1-3

Bioturbation, storm layers, waning ripples

0.2-0.8

Gradational

m

transition/offshore

Prodelta

Wood fragments, flood layers, Turritella layers

0.2-0.8

Open marine, low-diversity,

fluvial influenced

cu

Gradational

3-20m

Abundant cross-stratification, bioclastic debris

CcuU Nearshore (transported)

Coarse to very fine sand

Gradational

6-12m

Delta

front/strandplain
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basis of its lithologic properties, and has a high correlation potential.
At these locations, the transgressive surface and the sequence
boundary are commonly separated by a few meters of floodplain
deposits (Figs. 7 and 8C). The vertical transition from fluvial
dominated facies to overlying swamp and then lagoonal deposits
indicates replacement of fluvial systems by estuarine environments in
response to relative sea level rise (Amorosi et al., 2003). Landwards,
where the late Quater nary succession is made up entirely of non-
marine deposits, as predicted by classic sequence stratigraphic
models (Wright and Marriott, 1993; Shanley and McCabe, 1994) the
updip expression of the transgressive surface recognized at distal
locations is a prominent, widespread surface marking the abrupt
change in fluvial architecture, from laterally amalgamated (below) to
isolated (above), ribbon shaped fluvial bodies (Fig. 2B).

The transgressive surface also has a diagnostic pollen signature
(Amorosi et al., 2004), marking the abrupt transition from glacial to
interglacial pollen assemblages (Fig. 5). As a consequence, vegetation
changes documenting the turnaround from glacial to interglacial
condi tions may be regarded as an efficient, separate tool to
approximate the transgressive surface in areas far from marine
influence (Amorosi et al., 2008b). This approach is especially useful
within fully continental successions, where unequivocal indicators of
relative deepening are lacking.

A weakly developed paleosol (inceptisol), with characteristic A/
Bw/Bk profile, represents an additional stratigraphic marker of
regional importance for the LST/TST boundary (YD in Figs. 7 and 8C).
This paleosol can be tracked on land up to the Apennine foothills
(Amorosi et al., 2014) and encompasses the Pleistocene Holocene
boundary. Based upon radiocarbon and pollen data, this paleosol has
been related to the Younger Dryas (YD) cold reversal, a short lived
cooling event that preceded the onset of the Holocene, and the
ultimate establishment of warm temperate climate conditions
(Amorosi et al., 2003, 2014). The hiatus recorded by the YD paleosol is
of about 2000 3000 years, and represents the time over which this
surface was exposed before renewed transgression took place. This
paleosol has distinctive geotech nical signature (Amorosi and Marchi,
1999) and can be tracked north of the Po Plain into the Venetian
Friulian plain and in the subsurface of Venice (see ‘Caranto’ paleosol
in Fontana et al., 2008; Donnici et al., 2011). The YD paleosol is related
to a short lived phase of fluvial incision that locally re incised the
lowstand channel belts, resulting in vertically amalgamated sediment
bodies (TST fluvial channel bodies in Fig. 7).

Above the YD paleosol, the TST is characterized by a complex
mosaic of coastal facies with distinctive backstepping architecture
(Fig. 7B) that reflects the Holocene landward migration of barrier
lagoon and wave dominated estuarine systems (Trincardi et al., 1994;
Amorosi et al.,, 1999a). The retrogradational stacking pattern of thin
transgressive shoreface deposits (Rizzini, 1974; Amorosi et al., 2005)
is associated with backstepping bay head deltas that represent the
forced landward shifts of fluvial river mouths under rapid, stepwise
sea level rise (Dalrymple et al., 1994; Boyd et al., 2006 Fig. 7B). The
ravinement surface (Fig. 8C, D), a characteristic erosional surface
overlain by a veneer of mollusk rich sands, separates back barrier
deposits from overlying offshore muds and has a strong lithologic
expression. Millennial scale parasequences (Amorosi et al., 2005;
Stefani and Vincenzi, 2005), 3 5 m thick, are retrogradationally
stacked as valleys were backfilled, bayhead deltas being confined to
flooded river valleys (Fig. 7B).

7.2. Offshore stratigraphy

The Late Pleistocene Holocene TST formed during a phase of
rapid, but not monotonic sea level rise between ca. 18 to 6 cal kyr BP
(Asioli, 1996; Bard et al., 1996), and resulted in a complex depositional
architec ture compared to the short time interval encompassed
(Cattaneo and Trincardi, 1999). At regional scale, the TST
comprises three main “correlative records”: 1. on the low gradient
North Adriatic shelf, it is

composed of patchy, backstepping barrier islands and discontinuous
incised valley systems (Correggiari et al., 1996a,b; Storms et al., 2008;
Taviani et al., 2015; Fig. 10), with a facies arrangement similar to the
TST preserved landward of the modern coastline (see Section 7.1 and
Fig. 9); 2. in the MAD slope basin, it consists of a continuous marine
succession (Asioli et al., 1999, 2001); whereas, 3. on the Central
Adriatic shelf, it is a composite fine grained sediment body, >25 m
thick, consisting of subaqueous progradational deposits that can be
divided into three main units separated by two prominent surfaces
(51 and S2 surfaces, Cattaneo and Trincardi, 1999; Maselli et al., 2011;
Fig. 9). PRAD2 4, in 54 m water depth on the shelf West of the MAD,
cored 32 m of Holocene deposits, down to the upper portion of a mid
TST progradational unit, beneath erosional surface S2, deposited
during the Younger Dryas cold reversal (Piva et al., 2008c; Vigliotti et
al., 2008; Maselli et al., 2011).

Located between the northern shelf (where the TST is thin and
discontinuous) and the Central Adriatic shelf (with an expanded and
complex TST record), the 260 m deep MAD slope basin offers a contin-
uous marine record of transgressive deposits, where century scale
chronological control by 'C dating is supported by the correlation of
foraminiferal ecozones and pollen spectra (Calanchi et al., 1998; Asioli
et al, 1999, 2001; Blockley et al., 2004). Moreover, geochemical
analysis of late Quaternary marine deposits allowed us to compare
fine ash layers within Adriatic sequences to tephra layers (dating both
by radio carbon and varve chronology) preserved in Lago Grande di
Monticchio (South Italy), and allow corrections for changes in the
marine reservoir that occurred through the last deglaciation (Lowe et
al., 2007).

The complex internal geometry of the Central Adriatic TST reflects
the interaction between sea level rise, lateral changes in sediment
delivery, advection by marine circulation and pre existing sea floor
morphology. Seismic stratigraphic interpretations, integrated with
dated samples along the Central Adriatic shelf, correlated to the
deepest part of the basin (core CM92 43; Asioli et al., 2001), indicate
that the ITST unit beneath surface S1 (Figs. 9 and 10) records the early
phases of the last sea level rise, from —120 and —95 m and the time
interval between ca. 18 kyr and 14.5 cal kyr BP (Cattaneo and
Trincardi, 1999). This unit develops in continuity with the Po
lowstand delta, being characterized by a markedly aggradational
geometry in the topset region compared to the underlying delta.
During this interval of time, the basin was still characterized by cold
water planktonic species, like Globigerina bulloides and Globigerina
quinqueloba, and was influenced by the fresh water inputs of the Po
and other Apennine rivers, as indicated by the presence of the benthic
species A. perlucida (Asioli, 1996). The middle TST unit (mTST),
between surfaces S1 and S2, records sea level rise between 95 and 60 m,
and consists of a composite prograding wedge, thicker than 10 m on the
shelf, and by a continuous unit of marine mud in the MAD slope basin.
Stratigraphic correlations to core CM92 43 and the recognition of
tephra C 2 and Y1 in core PAL94 8 (Calanchi et al., 1998) indicate that
surface S1 was older than 14.5 cal kyr BP (Cattaneo and Trincardi,
1999). The upper TST unit (uTST), confined between surface S2 and the
mfs, records the last phases of sea level rise, starting at about — 60 m.
This unit is composed of marine muddy sediments (Fig. 9) and shows
two main shore parallel depocenters, suggesting a mechanism of
sediment dispersal similar to the modern one (Cattaneo et al. 2004).
The upper TST unit is composed of marine mud, rich in planktonic
foraminifera with assemblages typical of an outer shelf to upper slope
environment. Dated samples show that the upper TST unit covers the
period following Meltwater pulse 1B (ca. 11.5 11.1 kyr cal BP, Bard et
al., 1996) including the interval of hydrological reorganization of the
Mediterranean that led to the deposi tion of Sapropel S1 (Maselli et al,,
2011,2014).

The mTST unit, between erosional surfaces S1 and S2, was
deposited offshore between Meltwater Pulses 1A and 1B, recording an
interval of increased sediment flux from land and a possible sea level
stillstand, or minor fall (Cattaneo and Trincardi, 1999; Maselli et al.,
2011). The mTST unit defines four main depocenters, elongated
parallel to the
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coast, reflecting local deltaic entry points and alongshore
oceanographic currents (Cattaneo and Trincardi, 1999; Pellegrini et
al., 2015; Figs. 9 and 10). The effect of alongshore sediment dispersal
is particularly evident in the southernmost depocenters, East of the
Gargano Promontory, where a subaqueous delta was deposited
(Pellegrini et al., 2015). In all four areas, the mTST unit is 10 15 m
thick in the middle shelf, pinching out offshore, and includes
heterolithic facies with sharp based sandy layers; two prograding
bodies (mTST 1 and mTST 2 sub units) are separated by an internal
unconformity (surface Si, Fig. 10); the mTST 1 sub unit is composed by
low angle, seaward dipping reflections, with direction of progradation
oblique to the coast, while mTST 2 sub unit, > 8 m thick, is located
more landward and shows higher angle downlapping reflections,
prograding beyond the limit reached by the mTST 1 sub unit, and is
eroded at the top.

8. Highstand systems tract (6 cal kyr BP to Present)
8.1. Onshore stratigraphy

The maximum flooding surface (MFS) marks the inversion from a
retrogradational to a progradational facies architecture (Fig. 7B). This
surface, which developed when sediment supply exceeded the rate at
which accommodation was created, exhibits distinct characteristics in
the different portions of the Po Plain. Beneath the modern delta and in
the coastal area, it correlates with a condensed fossiliferous horizon
within shallow marine deposits, recording prolonged storm winnowing

(Amorosi and Marchi, 1999; Stefani and Vincenzi, 2005). In back barrier
positions, the MFS coincides with bay or lagoonal deposits rich in
Cerastoderma glaucum sandwiched between freshwater swamp,
organic rich clay (Fig. 8E). Within non marine facies, the updip expres
sion of the MFS is traced at the base of laterally extensive paludal and
poorly drained floodplain horizons within a thick Holocene
succession of continental deposits (Fig. 7A).

The early highstand phase saw the development of large sand spits
and barrier islands that turned the previous bays into confined
lagoons (Stefani and Vincenzi, 2005). During this phase, aggradation
took place in subsiding delta plain environments (Fig. 7A),
progradation was restricted to bay head delta positions (Amorosi et
al., 2003), while prolonged condensation (about 8 to 5.5 cal kyr BP) is
recorded within offshore deposits (Scarponi et al., 2013).

The stratigraphic architecture of the upper HST can be
reconstructed in detail, since coastal sediments crop out and
generally preserve their primary geomorphic form (Stefani and
Vincenzi, 2005). Accurate reconstruction of drainage network
evolution and delta development during the late Holocene has been
enabled by detailed geomorphologi cal studies, which showed a
diachronous array of distributary channels feeding a series of sub-
parallel beach ridges (Ciabatti, 1967; Veggiani, 1974; Sgavetti and
Ferrari, 1988; Bondesan et al., 1995; Castiglioni et al., 1999; Stefani
and Vincenzi, 2005). During a prolonged phase of its early growth,
the Po Delta was a wave dominated system (Galloway, 1975),
with delta front arcuate ridges laterally connected to prograding
strandplains, made up of rectilinear beach ridges with associated
aeolian sands (Stefani and Vincenzi, 2005). Delta progradation



is reflected by the vertical transition from prodelta muds to nearshore
sands (Fig. 11A), showing the characteristic vertical succession of
offshore transition, lower shoreface and upper shoreface/foreshore facies
associations (Fig. 7B Rizzini, 1974; Amorosi et al., 1999a). In more
internal position, delta front sands are replaced by lagoonal (lower
delta plain) and swamp (upper delta plain) facies (Figs. 7B and 11B).
This shallowing upward succession is capped by transition to alluvial
deposits (Fig. 11C).

The Etruscan and Roman times were characterized by a warm
climate and by riverine stability associated with the development of a
large delta lobe south of Ferrara (Stefani and Vincenzi, 2005). At
around 1500 yr BP, the transition toward moister and cooler
conditions and the demise of the Roman Empire infrastructure led to
widespread flooding and drainage network instability (Stefani and
Vincenzi, 2005; Bruno et al., 2013). The historical Po River avulsion in
1152 AD, close to the Ficarolo village, shifted the Po Delta system
toward the present day fluvial axis (Veggiani, 1974; Bondesan et al.,
1995). The complex history of distributary channel avulsion and delta
lobe abandonment, reflecting an overwhelming autogenic control on
sedimentation, is recorded by the common alternation of swamp and
floodplain deposits within the HST (Fig. 7A), which is chronologically
well constrained on the basis of archeological data (Fig. 11C).

{

Fig. 11. Representative core photographs from the subsurface of the Po Plain, depicting
vertical stacking of highstand (HST) facies associations A: shallowing (and coarsening) -
upward succession of prodelta (Pd) to delta front (Df) deposits (T = transitional facies)
beneath the modern Po Delta. B: shallowing-upward succession of beach-ridge (Br),
Back-barrier (Bb), lagoonal (L) and coastal swamp (Sw) deposits in more internal position
(lower HST). C: upward transition from swamp (Sw) facies to floodplain (F) and distal
levee (DI) deposits (upper HST). A indicates artifacts of Roman age that were accidentally
encountered during coring operations. Core bottom is lower left corner. Core width is
10 cm.

The modern, cuspate delta lobe was human induced at the
beginning of the 17th century (1604), when an intervention by the
Republic of Venice forced the Po to flow southward through an
artificial fluvial mouth (Correggiari et al., 2005b; Stefani and Vincenzi,
2005; Maselli and Trincardi, 2013b). This delta very rapidly
prograded, forming a strongly protruding delta under exceptionally
high depositional rates, with 20 km of progradation taking place in
just 120 years (Stefani and Vincenzi, 2005).

8.2. Offshore stratigraphy

The highstand systems tract encompasses a thin wedge shaped
prodelta deposit offshore of the North Adriatic coastal plain, and
related minor deltas and lagoons (Cattaneo et al., 2007), a markedly
progradational prodelta wedge offshore of the Po River delta
(Correggiari et al., 2005a) and Apennine coast (Cattaneo et al., 2003).
In Fig. 12 all profiles are reported at the same horizontal scale and
vertical exaggeration documenting that the largest accumulation
occurs southward of the modern Po River delta, with a prodelta
wedge that reaches a thickness up to 35 m under the effect of shore
parallel sedi ment transport for about 600 km along the Adriatic coast
of Italy, until the Gargano Promontory where it forms a subaqueous
delta (Cattaneo et al., 2003, 2007). The HST is floored by the MFS, a
regional and prom inent downlap surface that can be traced on
seismic profiles over a distance exceeding 600 km, from the Po Delta
to the region surrounding the Gargano Promontory (Fig. 5). The
sedimentologic expression of the MFS in marine cores is subtle and
may consist of a firm ground (accom panied by discernible increase in
strength in pocket penetrometer and in shear stress resistance tests
Canals et al., 2004; Sultan et al., 2008). In places, mollusks exploit the
stiffer character of the sea floor with the establishment of Oyster
communities and Bryozoans pave ments (Sultan et al., 2008). From a
micropaleontological perspective, the MFS is approximated by the
Last Occurrence of the planktonic fora minifer G. inflata, dated by '“C
to 5500 years BP (Asioli, 1996; Piva et al., 2008c). The condensed
section associated with the MFS varies from a few hundred years in
the Gargano area (Oldfield et al., 2003) to several thousand years
beneath the modern Po River delta.

The key characters of the Modern Po Delta are a) the marked
asymmetry of the entire delta prodelta system, reflecting the
prevailing sediment dispersal to the south of each individual delta
outlet, as observed in other deltas (Bhattacharya and Giosan, 2003);
b) the shore parallel overlap of successive prodelta lobes fed by
distinct river outlets of ever changing relative importance; c) the delta
outlets being artificially forced in a fixed position, so that natural
avulsion is prevented and delta lobes undergo headland retreat
experiencing marked erosion on the prodelta topset (Trincardi et al.,
2004). The seismic stratigraphy of the Modern Po Delta shows that
markedly distinct prodelta architecture may form depending on
where the newly activated lobe is located: when the new lobe is
updrift (north, in this case) of the one that is retreating, the
abandoned lobe becomes sheltered by the new rapidly advancing
one; in the opposite case, when the new lobe is downdrift (South) of
the one that is retreating, a substantial portion of the retreating
updrift lobe, is cannibalized and transported to the new lobe
(Correggiari et al., 2005b).

On seismic profiles perpendicular to the coast, the Adriatic shelf
clinoform shows foresets dipping typically 0.5 to 2° within
elementary sigmoidal units (Cattaneo et al, 2003; Fig. 5). A
prominent morphologic feature is the subaqueous “rollover
point” (Steckler et al., 1999; separating topset and foreset strata) in
about 25 m water depth; this diagnostic feature can be traced
approximately 350 km along the coast North of Gargano Promontory.
As suggested by direct dating on the basal surface and interpolations
of sediment accumulation rates derived from short lived
radionuclides (2'°Pb), the most recent portion of the clinoform
deposited during the last 500 years (Cattaneo et al., 2003; Correggiari
et al., 2005b; Frignani et al., 2005; Palinkas et al., 2005), an interval
encompassing the Little Ice Age. Offshore of the
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bottom currents and pre-existing coastal and shelf morphological constraints.

Gargano Promontory, where the interaction between shore parallel
southward flowing currents and basin morphology is at its maximum,
the clinoform advances onto a flat bedrock in about 50 80 m water
depth (Fig. 12). The rapid cross shelf wedging out of muds from 30 to
0 m is a good indication of the role played by southward flowing,
bottom hugging currents that prevent deposition in the bottomset
and cause sediment transport along strike.

The foresets of the Adriatic clinoform are actively forming, as docu-
mented by the progressive seaward shift in the area of active
deposition through time and may preserve flood event beds or appear
pervasively bioturbated (Fig. 9). Furthermore, the thickness
distribution within the

clinoform over different time scales is elongated parallel to the
western Adriatic coast testifying to the importance of southward
sediment trans port. One of the major findings about clinoform
generation from the EURODELTA and EUROSTRATAFORM projects is
that present sediment transport is sub parallel to the foreset strike,
with a likely slight offshore component that allows active outbuilding
basinward (Nittrouer et al., 2004; Sherwood et al., 2004; Frignani et
al., 2005; Palinkas et al., 2005; Puig et al., 2007; Cattaneo et al., 2007).
Comparison of seismic stratigraphic records and sediment
accumulation rates over the last century (based on short lived
radionuclide data) shows that the largest absolute accumulation rates
are encountered at the extreme tips of the



systems, offshore of the Po Delta and just updrift of the Gargano
Promontory, while the offshore component of dispersal is greater in
areas of flow divergence located downdrift of the Gargano
Promontory (Cattaneo et al., 2003, 2004, 2007; Taviani et al., 2012).

An important character of the Adriatic shelf clinoform is the
variabil ity of bottomset tapering basinward. The usual assumption
explaining clinoforms is that the topset reflects near bed shear stress
and sediment bypass (Nittrouer et al., 2004; Sherwood et al., 2004); in
the foreset, shear stress decreases and sediment accumulation is at a
maximum, while in the bottomset, less sediment is available and
sediment accu mulation decreases for this reason alone. In the case of
the Adriatic, however, the clinoform grows basinward and tapers out
seaward, not simply because sediment is trapped in the foreset
region, but because the bottom current intensifies and prevents
sediment accumulation on the bottomset (Cattaneo et al., 2007). The
Adriatic example shows therefore that the growth of a clinoform can
be energy limited (as off the Gargano Promontory): this is the result
of shore parallel currents like those related to the southward flow of
the NAADW dense shelf water, which increase energy in the
bottomset, preventing deposition or reworking sediment.

9. The Po Plain Adriatic system: a source-to-sink approach

Reconstructing sediment transfer from the source area to the final
sink represents an intriguing application of sequence stratigraphic
concepts. In the late Quaternary succession of the Po Plain Adriatic
system, shoreline trajectories unambiguously reflect sea level changes,

13-11 kyr BP

and are correlative landwards and seawards to consistent changes in
alluvial and marine facies architecture, respectively. The resulting
stratigraphic model, thus, can provide constraints to interpret and
predict sedimentary basin architecture of older successions potentially
governed by relative sea level change, with special emphasis on facies
patterns, sediment body dimensions and connectivity.

Despite the abundance of stratigraphic studies conducted on its
individual segments, a comprehensive sequence stratigraphic
framework for the entire Po Plain Adriatic system is still lacking. The
large body of data summarized in the previous sections allows for the
first time a system scale analysis to be completed, for the LGM and post
LGM inter vals of time, i.e. the last 30 kyr.

9.1. Key stratigraphic surfaces

Although key controls of stratigraphic architecture, such as accom-
modation and sediment supply varied through space and time across
the Po Plain and the Adriatic Sea during the last glacial interglacial
cycle in response to predominantly local factors, the entire dispersal
system responded in a largely contemporaneous manner to the over
whelming control by sea level and climate change. In this context, the
key stratigraphic surfaces potentially useful for regional correlations
can be tracked physically across the sediment routing system, and
allow tentative reconstruction of ancient landscapes (Fig. 13).

Most of the key surfaces recognized can be traced over several
hundreds of km from the upper continental slope to the inner coastal
plain; radiometric constraints across these surfaces are highly consistent

Present
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Fig. 13. Sedimentary evolution of the Po Plain-Adriatic basin, and related stratigraphic architecture, for the last 20 kyr: at lowstand times (a), early transgression (b), middle transgression
(c), and at present (d). Note that the scale of the channel belt deposits in the Po plain is emphasized compared to that of the shelf-edge delta; the subaqueous progradation onsets during
mid TST times indicating the establishment of an oceanographic circulation similar to the modern one.



over the entire study area, providing the basis for the reliable
reconstruction of paleoenvironmental evolution from the continental
to the deep marine realms. Where sedimentation is continuous and
“expanded”, the following surfaces can be identified and traced:

a. Sequence Boundary (SB): is represented by an Inceptisol, at the
top of a series of closely spaced paleosols, that correlates laterally
to an extensive channel belt sand body fed by the Po River, and to
smaller sized incisions formed by its Apennine tributaries (Fig. 7).
The SB is typically an erosional unconformity on the entire
continen tal shelf, locally with significant plurimetric relief, such as
in the outer shelf region offshore of the Tremiti Island, where it
tops a well preserved FSST (Trincardi and Correggiari, 2000);

b. Transgressive Surface (TS): exhibits markedly different facies
characteristics across the distinct segments of the system, sharing
a diagnostic (glacial to interglacial) pollen signature (Amorosi et
al., 2004). In the coastal plain, the TS is marked by the sharp facies
contrast from well drained, floodplain deposits (LST) to organic
rich, paludal and estuarine deposits. Offshore, the TS is marked by
either a sudden drowning of the shelf or the onset of a more
aggradational stacking pattern atop the Po LST.

. The Younger Dryas unconformity (YD): corresponds to a highly
continuous, weakly developed paleosol horizon that can be traced

throughout the Po Plain, from its southern margin to the Adriatic
Sea. On land, this stratigraphic unconformity may coincide with
the TS (Fig. 7). Its correlative fluvial bodies are small sized and
patchily distributed. Offshore, the YD becomes a subaqueous
erosion surface, with marked truncation of the underlying,
prograding oblique reflectors. The YD mimics the SB geometry,
though time scales and geometries of middle TST and LST differ by
one order of magnitude.

d. Ravinement Surface (RS): though highly diachronous (Saito,
1994), it is a readily identifiable surface, marking a sudden
(litho)facies change from back barrier to transgressive shoreface
deposits and from offshore sand to mud. The Central Adriatic area
records inter esting examples of offshore RS, where a marked
erosional surface separates marine deposits with comparable
facies above and below (Maselli et al., 2011; Fig. 9).

e. Maximum Flooding Surface (MFS): marks an interval of
condensed deposition generally greater than 2500 years
(Scarponi et al.,, 2013), with marked change from backstepping
to progradational depositional geometries. In core, the MFS
represents the turnaround from deepening upward to
shallowing upward trends across a variety of depositional
systems. Offshore, depending on local condi tions of sediment
supply, topographic gradient and rate of relative sea level rise,
the MFS may coincide with the TS (Trincardi et al, 1994;
Cattaneo and Steel, 2003). Where the TST is lacking or non
preserved, all surfaces related to relative sea level rise (TS, RS and
MES) coincide.

[e]

9.2. Paleoenvironmental evolution

Stratigraphic data argue for a significant role of the axial drainage
system in the paleoenvironmental evolution of the Po Plain Adriatic
system, with a trunk channel (the Po) acting as collector of tens of
tributaries from the Alpine and Apennine chains, by transit back and
forth across the Adriatic shelf (Maselli et al., 2011). When sea level
reached its lowest position, 120 m below present sea level, the
northern Adriatic was almost entirely subaerially exposed, and the Po
River almost doubled its present length, greatly enlarging its drainage
basin by incorporation of the eastern Alpine river catchments (Fig. 1).

The last important phase of Quaternary sea level fall recorded at
the MIS3 MIS2 boundary, combined with the abrupt climate change to
fully glacial conditions (LGM), forced channel incision in the axial part
of the system, promoting the formation of a major channel belt fed by
the Po

River. Coeval episodes of fluvial valley incision have also been
documented from several coeval coastal plain successions (Dabrio et
al., 2000; Wellner and Bartek, 2003; Busschers et al., 2007; Blum et al.,
2008; Kasse et al., 2010; Amorosi et al., 2013a). Fluvial incision was
followed during the LGM by lateral migration, valley widening, and
fluvial deposition under lowstand conditions, leading to the forma-
tion of a 30 m thick channel belt sand body, up to 20 km wide (Fig.
13a). There is scattered evidence of smaller sized (<10 m deep),
coeval fluvial incisions by the Apenninic tributaries, in response to
base level fall by axial fluvial incision.

Despite high density of seismic investigation, there is no clear
indication of thick and wide channelized bodies of comparable size,
in the central Adriatic. We are not able, at present, to reconstruct
precisely lowstand sand pathways through the whole dispersal
system. It is likely, however, that the Po River system became
distributive in the central Adriatic area, in response to extremely low
shelf gradients; through this complex distributive system, made
up of narrow and linear, small sized valleys, the Po channel belt
was feeding and genetically linked to the prograding lowstand delta
(Fig. 13a).

Aggradational (onshore) to progradational (offshore) stacking
patterns define the lowstand systems tract across the Po Plain Adriatic
system. Transgressive and highstand depositional regimes differ
substantially from the lowstand sediment distribution system. An
obvi ous change from progradational to retrogradational stacking
patterns, assigned to the Meltwater Pulse 1A (Fairbanks, 1989; Bard et
al., 1990, 1996), characterizes the lower and middle TST in the
Adriatic (Fig. 13b). The lower TST north of the MAD slope basin
developed atop the LST delta, from which it is separated by a
prominent surface (TS) marking the onset of significant topset
aggradation, while sediment flux from the continent was sufficient to
maintain margin progradation. The onshore equivalents of the early
transgressive deposits recognized offshore are, instead, represented
by thin aggrada tional, non marine deposits that are recorded patchily
within the latest Pleistocene valley systems (Fig. 13b). We remark
here the importance of antecedent topography created during falling
sea level on shaping the nature of transgressive deposits during the
ensuing sea level rise (Simms and Rodriguez, 2014).

The prograding transgressive unit recognized through high
resolution seismic profiles in the Central Adriatic (middle TST unit of
Cattaneo and Trincardi, 1999; Maselli et al., 2011) marks a significant
change in sediment supply regime (Fig. 13c). This unit, which records
a period of extreme climatic instability (including the Younger Dryas
climate event) between about 14.8 and 11.3 cal kyr BP, is largely
correl ative with the nearly coeval (13.5 11.6 cal kyr BP), laterally
extensive paleosol recently identified in the subsurface of the Po Plain
(Amorosi et al,, 2014 Fig. 13c), and is tentatively related to a minor sea
level fall (Maselli et al., 2011). Enhanced sediment flux during the
Younger Dryas has also been reported by Abdulah et al. (2004) and
Anderson et al. (2004), and from several European margins
(Herndndez Molina et al., 1994; Berné et al., 2007; Amorosi et al.,
2013Db).

The Younger Dryas paleosol, and its genetically related, prograding
wedge offshore mimic, at the millennial scale, the sequence boundary
and its related lowstand delta. Owing to its short lived nature, there
was insufficient time for a well developed channel belt to form, and
fluvial deposition at that time appears to be restricted to small sized
channels, locally re incising the lowstand channel belt (Fig. 13c).

The Holocene sea level rise, starting with Meltwater Pulse 1B, is
clearly reflected by the rapid backstepping of barrier lagoon estuary
systems, which is observed first (between 11,500 and 9000 cal kyr BP)
in the northern Adriatic (Trincardi et al., 1994; Correggiari et al.,
1996a) and subsequently (between about 9000 and 8000 cal kyr BP)
in the Po Plain (Amorosi et al., 1999a, 2003, 2005). Backstepping
shoreface bodies are recorded up to 20 km inland of the present day
shoreline position (Fig. 7B).

The maximum landward migration of the shoreline took place
around 7800 cal kyr BP. Stratigraphic condensation at the turnaround



between deepening upward (TST) and shallowing upward (HST)
trends (maximum flooding surface) is marked by a fossil rich horizon,
where within bed depositional resolution is lowest and age mixing is
commonly around 2500 years (Scarponi et al., 2013). This observation
is consistent with radiometric dating from early highstand deposits,
which record Po delta progradation starting around 5500 5000 cal yr
BP (Asioli, 1996; Oldfield et al., 2003; Piva et al., 2008c; Amorosi et al.,
2005).

Aggradation of alluvial plain deposits and delta progradation are
the most typical feature of the HST (Fig. 13d). In general, highstand
architecture reflects a variety of processes, sea level control is strongly
subdued and autogenic processes, together with climate change,
appear to be the dominant driving mechanisms.

10. Sediment budget
10.1. Approach

Estimating sediment budgets in ancient basins is a difficult task,
hindered, in most cases, by a loose control on the paleogeographic
setting, lack of continuity in source to sink correlations and, in some
cases, the need to integrate knowledge from investigations that range
from outcrop scale studies to full 3D seismic volumes.

Late Quaternary systems, like the Po Plain Adriatic basin, have
higher potential for sediment budget estimates, and may permit an
evaluation of source to sink controls at millennial scales (Romans et
al., 2009), but yet the exercise is not trivial. Prodelta sediment budget
analysis from the Adriatic Sea has been attempted by Brommer
(2009), Brommer et al. (2009), and Weltje and Brommer (2011),
who derived mass accumulation rates by means of stochastic
simulation, using high resolution seismic data, porosity profiles, and
radiocarbon dating. Based on refined sequence stratigraphic analysis
and basin scale corre lations, we propose here an estimate of the
sediment volume stored in each systems tract, with decreasing level
of uncertainty from the LST to the HST. For each systems tract we tried
to estimate for the first time the spatial partition of bulk sediment into
distinct sedimentary environments: fluvial channel belt, alluvial/
coastal plain, continental shelf, and shelf edge and beyond. This
approach allowed us to define, at least approximately, the shift of the
main sediment storage areas across different environments and
through time.

Seismic records and mapped systems tracts can be used to infer
sediment yield and paleodischarge (Guillocheau et al, 2011). In
estimating the systems tract thickness offshore, we proceeded, follow
ing Cattaneo et al. (2004), based on the interpretation of
conventional, 2D seismic surveys, locally with increased data density
giving rise to pseudo 3D data coverage. The thickness of each systems
tract was mea sured in two way travel time (TWTT) of the P waves.
This information can be converted into meters based on assumptions
or measurements of the P wave velocity across the measured section.

Systems tract geometries on land were reconstructed through
bore hole transects. The thickness of individual fluvial storeys as
deduced from cross sections of channel belts was used as proxy for
paleoflow depth, which scales to contributing drainage area, relief and
sediment yield (Blum et al., 2013; Blum and Pecha, 2014; Holbrook
and Wanas, 2014). In the case of the paleo Po, using data extractable
from cores, the single storey value, and thus flow depth, is about 10 m
(Fig. 7). This value was used for volume calculations to separate the
lowstand channel belt sand body from the underlying, locally
amalgamated older channel belts, assigned to the FSST.

All volumes were extrapolated following basin scale correlations,
through GIS assisted mapping. Sediment volumes were then
converted to mass estimates, adopting a conversion factor of 1.8 /m°.
Sediment volumes within the three systems tracts were also divided
by the time duration of each systems tract (LST = 12 ky, TST = 12 ky,
HST = 6 ky). This was done, in a first approximation, by assuming
constant accumulation rates within each systems tract, thereby
inevitably

smoothing the possible impact of higher frequency sea level or
climatic fluctuations.

On much shorter time scales, and in the last few decades, an
independent estimate of mass accumulation rates was derived from
sediment (and mass) accumulation rates measured by short lived
radionuclides, typically on scales from months (’Be) to a century
(?1°Pb) and compared to the values averaged over longer term intervals.

We are aware that sediment budget calculations that fail to assess
the specific contribution of distinct source areas to the total sediment
volumes may create unrealistic estimates of sediment flux. In this
respect, the estimates illustrated in the following sections should be
regarded as a first approximation to sediment budget analysis in the
Po Adriatic system. Sediment provenance studies on land related to
the late Quaternary succession (Marchesini et al., 2000; Amorosi,
2012; Amorosi and Sammartino, 2014) have recently shown that
changes in sediment dispersal patterns can be tracked confidently
down to the facies tract scale, and that lithologically homogeneous
sediment bodies may hide a much more complex sedimentary history
than one could expect. In a multi sourced sedimentary succession,
such as the Po Plain Adriatic system, fingerprinting the individual
facies associations on the basis of their petrographic and geochemical
attri butes, and its combination with high resolution sequence
stratigraphy may greatly assist in reconstructing sediment pathways.
This approach appears as a promising future research direction for the
reliable assess ment of source to sink fluxes and sediment budgets.

10.2. Systems tract volumes and sediment budget partitioning

A tentative sediment budget for the study area is shown in Fig. 14,
where we report our best calculations/estimates of sediment volumes
stored, for each systems tract, in the four key segments of the Po
Adriatic source to sink system: (i) the fluvial channel belts, (ii) the
floodplain and the adjacent coastal plain (including estuarine TST and
deltaic HST environments), (iii) the continental shelf, and (iv) the
shelf to slope basin setting. A major uncertainty in volume estimates
for the LST stems from lack of knowledge in the eastern side of the
basin, beyond the midline. Based on paleogeographic reconstruc tions
of the drainage (Kettner and Syvitski, 2008; Maselli et al., 2011),
conservative estimates for the Po lowstand delta in that part of the
Adriatic suggest a volume equal to 50% of the volume measured on
the Italian side; this estimate comes from the studies by Ori et al.
(1986), who showed the substantial pinch out of the Plio Quaternary
depocenter beyond the Adriatic midline.

In general, the LST exhibits the largest size, with a total volume of

770 880 km?> (Fig. 14). Most sediment deposition was confined to
the huge LGM lowstand delta (650 700 km?), with only minor
contribution from the non marine part of the system (Po channel
belt sand body). No continental shelf deposits formed in the LST: at
that time, an alluvial/coastal plain was located close to the modern
shelf edge, thus representing the feeding system for the Po
lowstand delta. The TST total volume is 290 340 km?, including the
shelf edge delta that accumulated during the early phases of the
post LGM sea level rise. Maximum sediment accumulation under
sea level rise conditions took place on the continental shelf, while
lower sediment volumes are recorded landwards and in slope to
basin settings. Finally, the HST is 330 380 km?>. Contrary to the LST
and TST, highstand sediment accumulation is recorded mostly
onshore (alluvial aggradation and coastal progradation) and on the
continental shelf, with negligible contribution from deep water
settings.

By dividing the total sediment volume by the duration of
each systems tract, we obtained the following averaged sediment
accumulation rates:

HST:355 km?/6 kyr =59.2 km® kyr !

TST:315 km>/12 kyr = 26.3 km? kyr ™!

LST:825 km>/12 kyr =68.7 km> kyr— .



HST (6-0 kyr BP)

TST (18-6 kyr BP)

LST (30-18 kyr BP)

1: Fluvial channel belt
5 km?®

2: Alluvial/Coastal plain
160-180 km?

3: Continental shelf
130-150 km?

4: Slope and basin
5-10 km?

5: Offshore Gargano Promontory
30-35 km?

TOTAL VOLUME: 330-380 km?

1: Fluvial channel belt
15-25 km?*

2: Alluvial/Coastal plain
70-80 km?

3: Continental shelf
175-195 km?

4: Slope and basin
25-35 km?

5: Offshore Gargano Promontory
5 km?

TOTAL VOLUME: 290-340 km?®

1: Fluvial channel belt
40-60 km?*

2: Alluvial/Coastal plain
80-120 km?®

3: Continental shelf

4: Slope and basin
650-700 km?

5: Offshore Gargano Promontory

TOTAL VOLUME: 770-880 km?

Fig. 14. Sediment-budget partitioning across the key segments of the Po-Adriatic source-to-sink system, subdivided by systems tract (LST: lowstand; TST: transgressive; HST: highstand).
Uncertainties reflect extrapolations assuming maximum and minimum thickness between two control points. The black horizontal bars in the LST mark the lack of deposition beyond
Gargano Promontory and the lack of continental shelf environments in the northern Adriatic when sea level was lowered by 125 m with respect to the modern one and rivers debouched

directly into the MAD.

Measurements of modern sediment discharge, though inevitably
biased by the pervasive modifications of the environment caused by
the anthropogenic impact, provide an independent check of the above
calculations, and prove the consistency of our approach. Taking a
density of 1.8 t/m> and multiplying for the annual estimated volume
of sediment that reaches the basin (59.2 km? kyr—'), one would get a
sediment accumulation for the entire systems tract of 106.6 x 10°
tons yr— . This amount of sediment is partitioned roughly half in the
continental realm and half offshore (Fig. 14). The offshore component
(about 53 x 108 tons yr~!), thus, compares with the combined
sediment load from the Po plus the Apennine rivers measured today
(47.5 x 10° tons yr~! Cattaneo et al., 2003; a model calculated post
dam sediment discharge is 43 x 10° tons yr—' Syvitski and Kettner,
2007). This implies that the amount of sediment that reaches the
coastal

zone today is about 15% less than what could be expected before the
dams were constructed in the catchments.

Sediment budget calculations, as described above, have the follow
ing implications (Fig. 14):

1. Sediment delivery per unit of time was significantly greater at
lowstand times than during sea level rise or highstand. The larger
sediment volume of the LST is likely to reflect, in first approximation,
the dramatic (two fold) increase of the catchment area due to sea
level fall (Maselli et al., 2011), which was also the major driver of
sediment production (Milliman and Syvitski, 1992).

2. Sediment delivery per unit of time was at its minimum under
conditions of rapid sea level rise (TST), as expected. The
continental areas subject to erosion and sediment production
shrank significantly in



response to the 125 m sea level rise, and incised valleys were
backfilled, becoming sequestration areas for sediment.
Nevertheless, a significant component of sediment was stored in
the coastal prisms and on the continental shelf.

3. Sediment yield under highstand conditions was substantially
higher than during transgression. Increased HST values relative to
the TST were likely due to anthropogenic forcing, particularly over
the last 2000 years (Maselli and Trincardi, 2013b; Anthony et al.,
2014), and possibly to climatic forcing, especially during the Little
Ice Age cold spell.

4. Under lowstand conditions, the bulk of sediment accumulation
was confined to the deepest parts of the basin, between the shelf
edge (prograding wedge) and the structurally confined slope basin
(ponded MTD deposits and sheet like turbidites; Trincardi et al.,
2004; Dalla Valle et al., 2013b). With the subsequent sea level rise
(TST), the bulk of sediment accumulation took place on the shelf, in
the form of drowned offshore bars and, more recently, in a shore
parallel mud belt similar to that of the modern HST. During the
modern sea level highstand, sediment accumulation is focused
dominantly on the alluvial/coastal plain prism and in the inner
shelf mud wedge, defining a compound delta geometry (Cattaneo
et al., 2007). Very little sediment accumulated either in fluvial
channel deposits or offshore.
All sediment budget calculations were performed taking as a
closure

point the line connecting the tip of the Gargano Promontory, on the
western side, to the island of Hvar, on the eastern side (dashed line in
Fig. 14). During the deposition of each systems tract the sediment
com- ponent exiting the northern and central Adriatic through this
idealized line appears to increase through time, as advection
processes increase their relevance. During lowstand times, mass
wasting or hyperpycnal flows were trapped topographically within
the MAD slope basin, the only possible component escaping to the SE
being related to hypopycnal plumes which, by definition, involve
small suspended sediment volumes. During transgression, a
component of sediment transport to the SE became significant, and
prodeltaic shelf muds were elongated in shore parallel deposits
reaching, a volume on the order of 5 km> (Pellegrini et al., 2015);
during highstand times the “leakage” of sediment to the SE became
more important, as testified by the construc tion of the Gargano
subaqueous delta with a volume of 30 km? (Cattaneo et al., 2003, 2007).

10.3. Human impact on sediment budgets

It has been demonstrated on a micropaleontological and paleo-
environmental basis (Piva et al., 2008c¢) that the late Holocene record
in the Adriatic registered millennial scale oscillations with alternating
enhanced or reduced sediment flux from land in response to changes
in the hydrological cycle. Humans have impacted river discharge
through changes in land use and deforestation starting in Iron Age
times and then increasing during the Roman Epoch (Oldfield et al.,
2003). Deforestation and land use changes, accompanied by river
regu- lation during the Little Ice Age (LIA) represent the interval of
maximum anthropic forcing and resulted in the deposition of 60 km?>
of modern Po delta and offshore sediment (representing about 1/3 of
the HST volume in 1/10 of the time; Cattaneo et al., 2003). The
relevance of this impact is even more significant when considering
that this unit includes the deposit of the last Century, when dam
construction resulted in sediment trapping, particularly during the
post World War II interval, thereby reducing significantly the
sediment load of rivers; as an example, the decrease in sediment load
from the Po river to the Northern Adriatic dropped from 17.2 to 6.4
Mt/year between 1933 to 1987 AD (Syvitski and Kettner, 2007).

Delta growth occurred during two distinct phases of marked land
use change and increasing regulation of the delta region, and
increased dramatically about 500 years ago (Maselli and Trincardi,
2013Db). Since

the beginning of the XVI Century the modern Po Delta developed as a
supply dominated system, comprising five main delta lobes; it was
investigated by integrating VHR seismic profiles, recorded offshore
from water depths as shallow as 5 m to the toe of the prodelta in
about 30 m, with accurate historical cartography extending back
several centuries and sedimentological and geo chronological
information from precisely positioned sediment cores (Correggiari et
al., 2005a; Syvitski et al., 2005). The use of combined historical and
stratigraphic reconstructions of the modern Po Prodelta allowed
volumetric calcula tions indicating an average sediment load of 9.4 x
10° tons yr~! for Po di Pila and Po di Goro Gnocca lobes; this estimate
is remarkably consistent with the total sediment load of 11.5 x 10°
tons yr~! mea sured for most of the last century at the Pontelagoscuro
gauge station at the apex of the delta plain.

11. Conclusions

Well constrained Quaternary depositional systems are ideal,
largely untested sites where systems tract architecture and stratal
relationships can be tied to specific positions on a known, and in some
cases well-established, relative sea level curve. In this context, the
prominent Po Plain Adriatic Sea area, where key stratigraphic surfaces
can be traced over the entire system and confidently correlated across
almost 1000 km, represents an excellent modern analog to build
models of stratigraphic architecture within ancient fluvial to deep
marine successions.

This paper summarizes a body of sedimentological and
stratigraphic research carried out in the last two decades on the
well preserved middle late Quaternary successions of the Po Plain
and the Adriatic Sea. Facies data extracted from cores on the
onshore portion of the system and seismic line interpretations from
the offshore part form the building blocks of sequence stratigraphic
analysis.

Application of sequence stratigraphic principles in a source to sink
context highlights the combined, active role of subsidence and sea
level change in shaping stratigraphic architecture of this multi source
supplied system. Specifically, tectonics controlled the geometry of
higher rank (third order) depositional sequences, while glacial/
interglacial (100 kyr) cyclicity is shown to be the major driver of
facies architecture within fourth order sequences. Rapid basin
subsidence facilitated sediment accumulation/preservation, especially
during the long, though oscillatory, phases of sea level fall and
subsequent lowstands. As a result, the Po Plain Adriatic system
displays an exceptionally expanded succession of forced regressive
deposits that has no equivalent in previously published sequence
stratigraphic models.

With special reference to the last 30 kyr, the complementary
onshore and offshore approach: (i) reveals the genetic and geometric
relations along sequence boundaries in distinct segments of the
system, including erosional lower boundaries of channel belts,
interfluve paleosols, shelf unconformities and distal (deep marine)
correlative conformities; (ii) outlines the role of coeval channel belts
and incised valley conduits in sediment delivery to the lowstand delta
in the central Adriatic basin; (iii) documents a tripartite transgressive
systems tract offshore, with a middle prograding unit of Younger
Dryas age that is correlative at a regional scale with a prominent,
laterally extensive paleosol identified onshore; (iv) suggests an
increasing autogenic control on facies architecture in the highstand
systems tract, due to the overwhelming effect of distributary channel
avulsions, delta lobe switching and abandonment; (v) places in the
proper “historical” perspective any assessment of, often unaware,
human impacts on the coastal and offshore environment.

Sediment budget calculations show that sediment delivery per
unit of time was significantly greater at lowstand times, when
catchment areas increased dramatically due to sea level fall, than
during the subsequent phases of sea level rise and highstand. Under
lowstand conditions, the bulk of sediment accumulation was confined
to the



huge LGM lowstand delta. With ensuing sea level rise, the major loci of
sediment storage shifted toward the shelf. During the modern sea level
highstand, sediment accumulation was focused dominantly on the
alluvial/coastal plain prism and in the inner shelf mud wedge. A signif
icant perturbation by human activities over the last 500 years resulted
in a >3 fold increase in the delivery of sediment to the continental
shelf, before the last 50 years of pervasive dam construction.
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