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1. INTRODUCTION

In the last decades of the twentieth century, among the international scientific
community it has become evident the huge impact of human activities upon the
environment. Specific attention has been paid to climate changes over very short time

scal es, especially after the first studi es

Smith and Tirpak, 1989; IPCC Scientific Assessment, 1990; Peiji, 1991).

In order to make predictions about climate, sea-level changes and their effects on
coastal regions, the first step has been to look at the continental stratigraphic record,
which represents an authentic physical record of global change (Burke et al., 1990).
Several studies focused on the magnitude and frequency of past global changes to
provide useful historical trends for a reliable understanding of climate evolution and its
possible impact.

The interest for continental strata, and in particular, for the allogenic factors
(tectonics, climate, eustacy) controlling the stratigraphic architecture at different time-
scales, was energized by the contemporaneous development of sequence stratigraphic
concepts, such as the response of depositional systems to sea-level changes (Jervey,
1988; Posamentier and Vail, 1988; Posamentier et al., 1988) and the debate
concerning the controversial linkage between alluvial and coeval shoreline (Shanley
and McCabe, 1994).

In this framework several fluvial models were developed (Miall, 1991; Schumm,
1993; Wright and Marriott, 1993; Helland-Hansen and Gjelberg, 1994; Helland-Hansen
and Martinsen, 1996; Leeder and Stewart, 1996; Milana, 1998; Marriott, 1999;
Posamentier and Allen, 1999), but none was able to really isolate and quantify the role
played by every single forcing factor.

More recently, climate (Legarreta and Uliana, 1998; Bridgland, 2000; Agrawi, 2001;
Lewis et al., 2001; Macklin et al., 2002; Vandenberghe, 2003) and tectonics (Martinsen
et al., 1999; Marzo and Steel, 2000; Adams and Bhattacharya, 2005; Hickson et al.,
2005) have been identified as the major factors controlling fluvial architecture.

Another discussion was opened on the landward propagation of the effects
produced by changes in relative sea-level on fluvial systems: several alluvial systems
around the worl d, with different charact
shown values ranging between few tens of km up to several hundreds of km, updip
from the shoreline (Schumm, 1993; Blum and T~ rngvist, 2000; Cattaneo and Steel,
2003, Holbrook et al., 2006; Shen et al., 2012).

Furthermore, a good understanding of alluvial deposits (both ancient and modern) in

terms of stratigraphic architecture and sediment-body geometries may turn out useful
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for practical purposes, such as hydrocarbon and groundwater exploration. Since the
last decades have been characterized by an increased demand for natural resources
due to human activities, accurate characterizations and delineations of reservoir/aquifer
geometries could significantly reduce costs and improve profits.

High-resolution stratigraphic studies, however, represent a difficult task when limited
by tectonic deformation and poor knowledge of climate, eustacy and fossil record. On
the other hand, in Quaternary successions, tectonic deformation is irrelevant and both
climatic and eustatic histories are well known, especially after the development of
Quaternary paleoclimatology.

Studies on oxygen-isotope records in deep-sea sediments (Shackleton and Opdyke,
1973; Imbrie et al.,, 1984; Chappell and Shackleton, 1986; Shackleton, 1987)
documented the cyclic alternation of glacial and interglacial phases which definitively
led to the acceptance of the Milankovitch theory of climate change (Hayes et al., 1976;
Imbrie and Imbrie, 1979): global variations in ice volume and sea-level, following
periods of 400-100-43-23 and 19 ky as predicted by the Milankovitch theory of orbital
forcing. Middle and Late Pleistocene, for example, have been characterized by the
alternation of full glacial-interglacial cycles with a periodicity of 100 ky.

Additional works on the marine record and ice cores proved the superimposition on
100 ky Milankovitch cycles of important (not completely understood) climate changes at
time scales of 10°-10* (Behl and Kennet, 1996; Bond et al., 1993, 1997), showing the
complexity of the Pleistocene-Holocene transition.

An equivalent cyclicity, in the Milankovitch and sub-Milankovitch bands, was
observed in the late Quaternary deposits of the highly subsiding Po Plain,
characterized by distinctive cyclic changes in lithofacies and channel stacking patterns.

Recent studies, based on pollen data and radiocarbon dating, have documented a
glacio-eustatic control on the stratigraphic architecture of the Po coastal plain (Amorosi
et al, 1999a; 2004; Amorosi and Colalongo, 2005; Amorosi, 2008) and of the central Po
Plain (Amorosi et al., 2008a). In particular, five vertically stacked, 4th order
transgressive-regressive (T-R) sequences (sensu Embry, 1995) were recognized
across the whole Po basin from the proximal Apenninic margin, down to the distal
coastal plain succession.

Beneath the modern coastal plain (see Amorosi and Colalongo, 2005), because of
the high-subsidence rates, these sequences reach a maximum thickness of 100 m, and
consist of basal aggradational coastal plain deposits overlain by transgressive sands,
interpreted as retrograding barrier-lagoon-estuary systems during rapid sea-level rise
under interglacial conditions (transgressive systems tract, TST). The upward vertical

transition to shallow-marine and alluvial sediments reflects the delta and strandplain



progradation (highstand systems tracts, HST). Thick (up to 60 m) alluvial successions
reveal long phases of sea-level fall during glacial periods (falling stage and lowstand
systems tracts or FSST and LST).

In landward position, within fully alluvial strata, T-R sequences have been identified
on the basis of abrupt changes in lithofacies and fluvial channel stacking patterns:
basal silty-clay overbank deposits with individual fluvial channel sands (TST), grade
upwards into increasingly amalgamated and laterally extensive fluvial bodies (HST,
FSST and LST). Pollen analysis highlighted the association between the lowermost,
organic-rich portion of the overbank deposits and major phases of channel
abandonment and floodplain aggradation taking place at the onset of warm-temperate
(interglacial) climatic conditions (Amorosi et al., 2008a). Lack of pollen data from the
sandy sheet-like sediments prevented the climatic characterization of the upper
regressive interval of the sequence.

Amorosi and Colalongo (2005) postulated the possible correlation between cyclic
facies changes and the marine oxygene-isotope record, documenting strict
relationships between the stratigraphic architecture of T-R sequences and glacial-
interglacial cyclicity. They suggested transgressive surfaces (TSs) as the key feature
for stratigraphic correlations due to their high traceability throughout the basin. The TSs
physically mark abrupt landward shifts of facies, and have a characteristic warm-
temperate pollen signature.

Previous work on the stratigraphic characterization of the Emilia-Romagna (E-R)
coastal plain subsurface has focused on cross-sections perpendicular to the modern
shoreline (Rizzini, 1974; Amorosi and Milli 2001; Amorosi et al., 1999b, 2003), with the
aim of providing high-resolution descriptions of T-R coastal wedges; however, no long
stratigraphic cross-sections have been constructed along strike, to ensure 3D
stratigraphic reconstructions.

Furthermore, though Amorosi and Colalongo (2005) documented the linkage
between shoreline deposits with coeval alluvial successions on the basis of the
landward TS traceability, there is scarce physical evidence in terms of facies
distribution, to answer t-lewl chpngessaffectadalluish ow f ar
architecture beneath the Po Basin at the Pleistocene-Ho |l ocene transitiono.

The aim of this work is to focus on the Pleistocene-Holocene transition with
examples from the Po Plain: specifically, we want to enhance the present high-
resolution stratigraphic framework providing two new long cross sections. Through the
first one (ca. 100 km long), parallel to the modern E-R shoreline, we want:

I to investigate the lateral extent of the vertical transition between Late

Pleistocene alluvial deposits and Holocene coastal sediments;



1 to document facies distribution, geometries and lateral continuity of the
Holocene T-R coastal wedge, from the area where the present shoreline meets
the Apenninic margin to the modern Po Delta;

1 to offer a generalized sequence-stratigraphic interpretation of the
Pleistocene-Ho |l ocene sedi mentary succession for t
radiocarbon analysis (last 45 ky BP).

With the second cross-section (ca. 120 km-long), along the modern Po River we
want:

1 toinvestigate a fully alluvial succession extending ca. 130 km updip from
the modern shoreline;

1 to describe the contrasting stratigraphic architecture between
amalgamated Late Pleistocene fluvial sands and a Holocene mud-dominated
succession with isolated fluvial-channel bodies;

T to check the 0gl ac-stoaeysamddbadies ttodughindwe s e mul t
radiocarbon dates;

T to identi fy t he Ad avewaridnflliumint e®@f ofs e &
T rngvist (2000), during the post-glacial sea-level rise, on the basis of
horizontal facies distribution/variation coupled with additional radiocarbon
dating.

We noticed that the overall stratigraphic architecture that characterize the
Pleistocene-Holocene transition in the subsurface of the Po Plain has similarities with
the incised valley fills (ivfs) of late Quaternary age described by Blum and T~ rnqgvist
(2000), Hori et al. (2002) and Tanabe et al. (2006).

In Italy, thick paleovalley systems have been identified from the high-gradient
Tyrrhenian Sea coast: these studies include the Tiber River Delta (Milli et al., 2013)
and the Roma Basin (Milli, 1997; Milli et al., 2008; Mancini et al., 2013); the Arno valley
and Serchio river mouth in Tuscany (Amorosi et al., 2008c, 2009, 2013); the Volturno
coastal plain (Amorosi et al., 2012).

Ivfs represent expanded stratigraphic successions accumulated within incisions cut
by rivers during sea-level fall, in correspondence of glacial periods. Sea-level rise,
during interglacial conditions, produces the progressive drowning and filling of the
valley with low net-to-gross transgressive and highstand deposits above amalgamated
(lowstand) fluvial channel bodies (Dalrymple et al., 1994; Zaitlin et al., 1994; Boyd et
al., 2006). Paleovalley systems also include paleosol development in the subaerially
exposed interfluves during sea-level fall (Blum et al., 2013). Paleosols are considered

as key elements for subdivision and mapping of continental strata on a variety of time



scales (Choi, 2005; Buck et al.,, 2010) and sequence stratigraphic models have
predicted the presumed position of paleosols within non-marine deposits (Van
Wagoner et al., 1990; Wright and Matrriott, 1993; Cleveland et al., 2007; Varela et al.,
2012). One of the most prominent features are paleosols formed at interfluves
sequence boundaries, adjacent to paleovalley systems (Aitken and Flint, 1996;
McCarty and Plint, 1998), which in late Quaternary interfluves mark the depositional
hiatus between Pleistocene and overlying Holocene deposits.

In this perspective, pushed by new-fresh data available from continuously cored
boreholes, we specifically selected a mud-prone, distal alluvial succession between the
Apenninic margin and the Po channel belt (i.e. interfluve), with specific focus on
paleosol stratigraphy. The aim was to test a new method for paleosol identification in
unconsolidated deposits (coupled with accurate facies analysis), using geotechnical
properties deriving from simple pocket penetrometer tests. Paleosol identification, in
fact, can be used for high-resolution stratigraphic correlations of Late Pleistocene-
Holocene alluvial successions (Bruno et al., 2013; Amorosi et al., 2014).

On the other hand, no major valley systems attributable to the Po River have been
observed along the low-gradient north-Adriatic shelf (Trincardi et al., 1994), whereas an
important erosional feature (the Manfredonia incised-valley-system) was identified in
the Adriatic offshore, south to the Gargano Promontory (Maselli and Trincardi, 2013;
Maselli et al., 2014). For this reason, we moved to another coastal plain, about 300 km
south of the Po Plain, where we had the opportunity to investigate, for the first time, an
Adriatic incised-valley system buried onshore (the Biferno paleovalley). Through the
high-resolution reconstruction of the Biferno coastal deposits we compared two coeval
(Late Pleistocene-Holocene) Adriatic coastal successions that diverge in terms of shelf
gradient and proximity to the lowstand Po Delta.

In densely populated alluvial setting, such as the Po Plain, stratigraphic studies and
met hods (i . e., facies analysi s, seqguence strat
practical purposes, including aquifer identification and their subsurface spatial
distribution. From a hydrostratigraphic point of view, the peculiar cyclicity observed in
the Po Plain deposits has important implications: each T-R cycle has been associated
to an aquifer system (Amorosi and Pavesi, 2010): the muddy, transgressive portion is
the aquitard (permeability barrier), wher eas t
During this research, we had the opportunity to collaborate with hydeogeologists (Prof.
Gargini research group, University of Bologna) who have been dealing with potential
aquifer contamination in the city of Ferrara.

The aim of this multi-proxy study was to show the effectiveness of integrating

hydrogeological and sequence-stratigraphy data, in order to interpret contaminant
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concentration distribution and transformation in space and time. Through detailed
facies analysis along a ca. 6 km-long cross-section, we highlight the stratigraphic role
of swamp, organic-rich layers for contaminant enhancement (through reaction with
organic matter) and dispersal.

This three years research is the result of a collaboration of the University of Bologna
(Department of Biology, Earth and Environmental Sciences) with:

1 The Geological, Seismic and Soil Survey of Regione Emilia-Romagna,
which made available more than 1,686 stratigraphic descriptions, including
continuously drilled core and drilling logs, radiocarbon dates, pollen profile and
pocket penetration values. This vast database was implemented with 25
continuous cores drilled during 2012-2015.

9  The University of Molise (Prof. Rosskopf research group), which made

available the stratigraphic dataset for the study of the Biferno coastal Plain.
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2. GEOLOGICAL SETTING

2.1. Structural setting

The Po Plain is the superficial expression of the foreland basin bounded by two fold-
and-thrust belts of opposite vergence: the S-verging Alps to the north and the N-NE
verging Apennines to the south (Fig 1).The evolution of these mountain chains took
place in the framework of the Eurasia-Africa convergence since the Cretaceous
(Carminati and Doglioni, 2012). Recent studies based on GPS have documented a rate
of 3-8 mml/y for the ongoing motion between Africa and Eurasia plates (Serpelloni et
al., 2007).
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Fig. 1 - Structural map of the Po Basin. Modified from Burrato et al. (2003).

The origin of the Southern Alps is connected to the southward-dipping subduction of
the European plate beneath the Adriatic plate (Vannoli et al., 2015). The Eocene-upper
Miocene crustal flexuring by the S-verging southern Alpine thrusts led to the formation
of the S-Alpine foredeep with the deposition of a thick molasse succession (Stefani et
al., 2007).

The Apennines are related to the WSW-dipping subduction of the Adriatic plate
under the Tyrrhenian lithosphere (Carminati et al., 2005), which started in the Late
Oligocene along the retrobelt of the Alps (Gueguen et al., 1998).The Apennine thrust
fronts, foredeep basins and extensional back-arc tectonics migrated progressively to

the east as a consequence of the radial retreat of the subduction process (Doglioni et
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al., 1999). The Cenozoic passive margin sedimentary cover of the subducting Adria
microplate was piled up by the subduction hinge rollback to form the Apennines
accretionary prism (Carminati and Vadacca, 2010).

The Po Plain lies on the remains of the Adriatic plate and represents the foreland of
both the S-Alps and the N-Apennines. Both thrust belts are buried beneath the modern
alluvial plain (Fig. 2), because of the fast subsidence rates induced by the tectonic
loading of the two chains. North to the Po River, the S-Alps front runs from Milano to
the Garda Lake, defining a single wide arc connected to the Giudicarie thrust system
(Castellarin and Cantelli, 2000; Massironi et al., 2006) and deforming the S-sloping
Pedealpine homocline (Burrato et al., 2003). It has been associated with high angle
back-thrust and small topographic highs cropping out in the northern sector of the plain
(Livio et al., 2009). The most noticeable tectonic structures expressed at the surface
are the Trino Vercellese Anticline, the San Colombano Anticline and the Montello
Anticline in the Veneto Plain (Burrato et al., 2003).

® Apennines Southern Alps
S outer fronts outer fronts N
Emilia Arc v v

PoR. Adda R, s----m-ssasenesy Oglio R.

Fig. 2 - Apenninic (to the south) and Alpine (to the north) thrust fronts beneath the Po Plain. Modified from Burrato et
al. (2003).

South to the Po River, several studies have documented the structure of the
Apennine fold-and-thrust belt (Fig. 3), which involved Mesozoic to Neogene sediments
of Adria and the older basement (Picotti and Pazzaglia, 2008; Mazzoli et al., 2015).
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va 3 Monestirolo 1 Ferrara 1
3005 TD. 1950 m TD.4743m

Ligurian and - Upper to Middle Miocene Mesozoic and
Epiligurian Units (Tortonian to Langhian) Tertiary
" " Upper Miocene Miocene to Pre-Triassic
- e (Messiian) | |Upper Eocene basement

Fig. 3 - Buried structures beaneth the Po Plain, south to the Po River: the Apenninic fold-and-thrust belt. Modified
from Picotti and Pazzaglia (2008).



Extensive oil exploration campaigns carried out by Agip (i.e. Pieri and Groppi, 1981)

allowed the mapping of the main buried tectonic elements forming the Apennines outer

fronts. Three arcs of blind, north-verging thrusts were identified beneath the Po Plain

(Figs. 1 and 4):

1. the Monferrato Arc (Elter and Pertusati, 1973) is the inner and

westernmost arc characterized by a last, Late Pleistocene important diastrophic

phase;

2. the Emilia Arc is the central arcuate system thrust, also showing its

latest and most important phase during the Late Pliocene (Castellarin and Vai,

1986);

3. the Ferrara-Romagna is the easternmost and the most external arc.

l:l Mid. Pleistocene Holocene I:l Oligocene Miocene

)Monferrato arc

y

7.

l:] Quaternary - Ligurian and Epiligurian units
- Serravallian - Tortonian E] Paleozoic basement

Fig. 4 - The Apennines outer fronts buried beneath the Po Plain: Monferrato, Emilia and Ferrara Arcs. Modified from

Picotti and Pazzaglia (2008).

The Ferrara-Romagna arc is subdivided into the lower-rank Ferrara folds (or

iDor §afreareseo),

Romagna

f ol

ds

(the

nNner most

et al., 2003). The latter are buried in the Adriatic offshore, and their outer structures are

covered by Late Pleistocene and Holocene deposits (Mazzoli et al., 2015).

The activity of the more external Apennine thrusts (Ferrara arc and Mirandola
anticline) has recently been proved by earthquakes ca. Mw. 6 (may-june 2012)
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generated in the Mirandola area (Galli et al., 2012). Another important structure is the
Apenninic mountain front or Pedeapenninic Thrust Front (PTF) of Boccaletti et al.,
(1985), which lies at the foot of the N-Apennines (Fig. 5). It has been interpreted as an
emergent to blind thrust fault by Boccaletti et al. (2004); on the other hand, Picotti and
Pazzaglia (2008) showed that the present-day compression is due to a steep blind
ramp, located between 15-18 km depth.

Fig. 5 - The apenninic mountain front or Pedeapenninic Thrust Front (PTF) of Boccaletti et al. (1985) lies at the foot
of the N-Apennines.

The overall subsiding trend that characterizes the Po Basin is related to crustal
flexuring generated by the Apennines, as documented by Carminati et al. (2005). Long-
term subsiding rates range between 0.4-2.4 mm/y (Carminati et al., 2005), the highest
values characterizing the modern Po Delta, as shown in Figure 6a (Carminati and
Martinelli 2002; Antonioli et al.,, 2009). Vertical velocities depend on long-term
geological processes and their components, such as sediment compaction, sediment
loading and tectonic loading. Present-day vertical movements (Fig. 6b) are more
related to the fianthropogenic component
and hydrocarbon extraction activities, which led to maximum values of 70 mmly
(Carminati and Martinelli 2002; Baldi et al., 2009). The present-day natural subsidence
is still affected by the effects of the post-Last Glacial Maximum deglaciation (Mitrovica
and Davis, 1995; Carminati et al., 2005).
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Fig.6 - a) Long-term subsidence (last 1.43 My); b) present-day subsidence. Modified from Carminati and Martinelli
(2002).

2.2. Depositional architecture

In the Po Valley Basin, subsurface geology has been investigated and described on
the basis of seismic data collected for hydrocarbon exploration (Pieri and Groppi, 1981;
Dalla et al., 1992; Muttoni et al., 2003). The clastic sequence deposited between the
Tertiary and the Quaternary shows an overall regressive evolution from Pliocene open-
marine to Quaternary shallow-marine and alluvial deposits. The thickness of the Plio-
Pleistocene foredeep in the S-Alps ranges between 2-6 km (Doglioni, 1993; Bertotti et
al., 1998; Burrato et al., 2003); between 7-8.5 km in the deepest depocenters of the N-
Apennines (Pieri and Groppi, 1975; Consiglio Nazionale delle Ricerche, 1992;
Carminati and Vadacca, 2010).

Additional studies based on the integration between seismic data and well-log
interpretation (Regione Emilia-Romagna and Eni-Agip, 1998; Regione Lombardia and
Eni Divisione Agip, 2002) described the large-scale stratigraphic architecture of the Po
basin. South to the Po River (Regione Emilia-Romagna and Eni-Agip, 1998) the Plio-
Quaternary basin fill was divided into six depositional sequences (third-order sensu
Mitchum et al., 1977 - Fig. 7), identified as unconformity-bounded stratigraphic units
(UBSU): each unconformity represents a phase of basin re-organization and the basin
fill shows progressively decreasing deformation from the bottom to the top (Amorosi et
al., 2008a).

17




AUTOSTRADA A13

SW soLocnA
1km est di CASTELMAGGIORE San Pletro NE
I Baricelia 2 Pr. in Casale 6 Pr. Fiume Reno

TWT.
sec. 0.0

5 km ovest di FERRARA
TWT.
— 0.0sec

| 05

30
L. 30

L 35

40

Fig. 7 - The Plio-Quaternary basin fill has been divided into six depositional sequences (third-order sequences
sensu Mitchum et al., 1977) identified as unconformity-bounded stratigraphic units (Regione Emilia-Romagna and ENI-
AGIP, 1998).

The uppermost UBSU (Fig. 7 - Emilia-Romagna Supersynthem of Regione Emilia-
Romagna, 1998; Po Supersynthem of Amorosi et al., 2008a), coinciding with cycle Qc
of Ricci Lucchi et al. (1982) has been estimated post-0.87 Ma by Muttoni et al. (2003).
Its maximum thickness is ca. 800 m beneath the Adriatic coastal plain (Amorosi et al.,
2008a). The Po Supersynthem is made up of two lower-r ank uni t s: the #dALO
Synt hemd and t &yn tihUepnpoe r ( FRPiog . 8) separated by
tectonic origin dated ca. 0.45 Ma (Molinari et al., 2007). The lower Po Synthem has
been termed AEI by RER and Eni-Agip (1998); the upper Po Synthem as AES.
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et al., 2008a).
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High-resolution stratigraphic studies have documented major influence by the
Milankovitch-scale (ca. 100 ky) cyclicity upon the depositional architecture of the Upper
Po Synthem (Amorosi et al., 1996, 1999a, 2001, 2004, 2008a - Fig.8). In particular,
repeated alternation of coastal and alluvial deposits beneath the modern coastal plain
(Amorosi et al.,, 2003, 2004, 2005, 2008b); or equivalent cyclicity in lithofacies and
channel bodies stacking pattern within fluvial deposits (Amorosi et al., 2008a) allowed
further partitioning of the Upper Po Synthem into 4™ order depositional cycles or
transgressive-regressive (T-R) sequences of Embry (1993, 1995) and Johnson et al.
(1985). Each cycle shows distinctive upstream facies changes and peculiar pollen
signature throughout its basinal extent.

Five T-R sequences were identified beneath the Po Plain (Figs. 8 and 9), allowing
the subdivision of the Upper Po (ER) Synthem in subunits (Subsynthems, AES 4-8 of
the Geological Mapping of Italy at 1:50,000 scale): each Subsynthem corresponds to a
T-R sequence (Tab. 1). The uppermost T-R sequence, which developed after the LGM,
is incomplete and lacks its regressive high net-to-gross portion.

The subsurface of the modern coastal plain is characterized by the cyclic alternation
of marine and alluvial deposits Amorosi et al. (1999a, 2003, 2004, 2005, 2008b). The
former ar e characterizeshalpyeddhegeotmpti crl diadeve
backstepping of beach/barrier-lagoon systems, followed by progradation of delta
systems and re-establishment of alluvial conditions.

The base of each cycle is bounded by the transgressive surface (TS) in
correspondence of significant landward shifts of facies, showing high-lateral traceability
across the whole Po basin (Fig. 9 - Amorosi, 2008).
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Fig. 9 - Basin-scale linkage between coastal and alluvial depositional systems (Amorosi, 2008).
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Correlation between T-R cycles and the oxygen isotope curve and sea-level curve
was achieved through combined radiocarbon dates and pollen data, as shown in Fig.
10 (Amorosi et al., 1999a; Amorosi, 2008). Pollen data proved that shoreline
transgression took place at the onset of the interglacial intervals, whereas the re-
establishment of alluvial conditions was connected with transition to glacial periods
(Amorosi et al., 2004, 2008a).

Hence, it was proved the glacio-eustatic control on the stratigraphic architecture of

T-R sequences.
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Fig. 10 - Correlation between stratigraphy, facies associations, curve of arboreal pollens (AP) recorded from a ca.
140 m deep core (223 S17), pollen zones from European series, and the oxygen-isotope record of Martinson et al.
(1987). From Amorosi et al. (1999a).

In terms of sequence stratigraphy, each T-R sequence is the result of a single (100
ky) glacio-eustatic fluctuation, allowing its internal subdivision in systems tracts.

In the coastal sector, above the TS, the transgressive systems tract (TST) is
characterized by t homal diacking gtsernshiowing ddcksteppinga d a
beach/barrier-lagoon systems.

The uppermost portion of the T-R sequence, made up of dominant alluvial muds
with subordinate fluvial channel sands, represents the transition from interglacial to
glacial deposits, and includes falling-stage (FSST of Plint and Nummedal, 2000) and

lowstand systems tracts (LST). These systems tracts are characterized by channel
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incision and soil development in the interfluves, with deposition of fluvial sediments,
locally channel-belts, in the lower part of the fluvial incisions.

Millennial-scale depositional cycles (i.e. parasequences, sensu Van Wagoner et al.,
1990) have been identified within coastal deposits ofthe TST and HST by several
studies (Amorosi and Milli, 2001; Amorosi et al., 2005; Correggiari et al., 2005; Stefani
and Vincenzi, 2005): these cycles are bounded by flooding surfaces and show
characteristic shallowing-upward trends, suggesting a step-wise sea-level rise during
the Holocene with intermittent phases of landward shift in facies followed by

generalized progradation (Fig.11).
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Fig. 11 - Parasequence architecture beneath the E-R coastal plain (Amorosi et al., 2005).

The transition to the highstand systems tract is the MFS (Maximum Flooding
Surface). This stratigraphic surface, which is placed at the turnaround from deepening-
upward to shallowing-upward trends, defines the beginning of the progradation of
wave-influenced deltas and adjacent strandplains (Amorosi et al., 1999b, 2003).

The landward prosecution of the T-R coast al wedge in th
basin (central Po Basin), is represented by equivalent cyclic sequences (Fig. 9). Each
sequence consists of basal overbank deposits with lens-shaped fluvial-channel sands
that are replaced upsection by increasingly amalgamated and laterally extensive fluvial-

channel sand bodies (Fig. 12 - Amorosi et al., 2008a).
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Fig. 12 - Contrasting facies architecture in proximal (alluvial) and distal (coastal) sectors of the Po Basin. From
Amorosi and Colalongo (2005).

Correlation of numerous stratigraphic information documented the regional
development (hundreds of square km) of coarse-grained fluvial-channel belt sand
bodies displaying high degree of channel clustering. Laterally extensive organic-rich
deposits cap the multi-storey sand bodies, forming the base of the overlying fine-
grained deposits (TST). The identification of the diagnostic pollen signal of
thermophilous forest expansion within these organic clays just a few meters above the
laterally extensive fluvial channel sands, suggested that the major phases of channel
abandonment and floodplain aggradation occurred at the onset of warm-temperate
(interglacial) climatic conditions, corresponding to phases of rapid sea-level rise
(Amorosi et al., 2008a). Increased accommodation rates accompanying sea-level rise
coupled with ongoing subsidence caused accumulation of large volumes of fine-
grained material, and the preservation of poorly interconnected, thin fluvial-channel
bodies. The upward decrease in fine-grained sediments along with the increase in the
thickness of fluvial-channel deposits, suggest decreasing accommodation during
highstand setting (HST).

Amorosi and Colalongo (2005) and Amorosi (2008) assigned the amalgamated
fluvial sands to forced regression (FSST) and lowstand (LST) (Figs. 12 and 13). Under

very-low accommodation conditions, fluvial erosion is the dominant process and alluvial
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sedimentation is restricted to thin channel-belt sand bodies (Shanley and McCabe,
1993, 1994; Olsen et al., 1995; Plint et al., 2001; Blum and Aslan, 2006), mostly due to
lateral migration of river channels and contemporaneous scour-and-fill episodes. In a
highly subsiding basin, such as the Po Plain, tectonic subsidence played a fundamental
role in the accumulation and preservation of multi-storey deposits. In terms of key
stratigraphic surfaces, the drastic change from glacial, amalgamated fluvial sands to
interglacial organic-rich muds has been interpreted as the landward equivalent of the
TS identified seaward (Amorosi and Colalongo, 2005; Amorosi, 2008 1 Fig.13):
widespread organic-rich paludal deposits represent an important landward shift in
facies, in line with the classic sequence stratigraphic definition of the TS as the first

significant marine flooding surface (Van Wagoner et al., 1987).
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Fig. 13 - Cyclic facies architecture of late Quaternary deposits beneath the modern Po River. Modified from Amorosi
(2008).

A similar cyclic alternation between amalgamated coarse-grained (mostly gravel)
deposits and basal fine-grained dominated units, the latter connected to warm-
temperate conditions by pollen data (Amorosi et al., 2001), was documented in the
proximal area of the southern Po Basin. Here, at the Apenninic margin, alluvial fan
deposits (Amorosi et al., 1996) consist of amalgamated and vertically stacked gravel
bodies thickening in seaward direction (Fig. 14). These gravel deposits show a pollen
signature that reflects transition to cold-climate (glacial) vegetation and, along with the
basal clayey unit, represent the most landward equivalent of the T-R cycle.
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Fig. 14 - In proximal locations (Apenninic margin) alluvial fan deposits consist of amalgamated and vertically
stacked gravel bodies thickening in a seaward direction (from Amorosi, 2008).

The stratigraphic architecture of the Quaternary Po Basin fill has important practical
implications from a hydrostratigraphic point of view: facies connotation and geometric
characterization of major aquifers are useful to evaluate volumes and characteristics of
groundwater resources (Amorosi and Pavesi, 2010). In this framework, each T-R cycle

corresponds to an aquifer system.

Fig. 15 - Hydrostratigraphic cross-section of the southern Po Basin from the Apenninic margin to the coastal sector:
aquifer systems (A4 to Al and B4 to B1) correspond to T-R sequences (Emilia-Romagna and Eni-Agip, 1998).
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HYDROSTRATIGRAPHIC UNITS
STRATIGRAPHIC UNITS (Geological Map of Italy to scale 1:50,000) (Regione Emilia-Romagna
and Eni-Agip, 1998)

Supersynthem Synthem Sub-synthem Aquifer group Aquifer systems
AES8 A0
Upper AES7 Al
Emilia-Romagna AES6 A A2
Synthem (AES) AES5 A3
Emilia-Romagna AESA v
Supersynthem
B1
. .Lower B2
Emilia-Romagna B
Synthem (AEI) il
B4
Imola Sands (IMO) C

Table 1 - Nomenclature of the southern Po Basin depositional units: stratigraphic and hydrostratigraphic correlations
(from Emilia-Romagna and Eni-Agip, 1998).

In particular, the laterally extensive coarse-grained units represent the major aquifer
systems (Al-A4 and B1-B4 in Fig. 15) of RER and Eni-Agip (1998); whereas the
overbank muddy-units form important permeability barriers (i.e. aquitards). Along the
entire Po Basin, from proximal to distal positions (Apenninic margin to coastal plain),
the major aquifers are represented by amalgamated alluvial fans, vertically-stacked Po
channel belts and nearshore sands (Fig. 16 - Amorosi, 2008).

unconfined confined
aquifer aquifer aquifer affected
by saltwater intrusion

“| Alluvial fan gravel “ Fluvial-channel sand

A1 Aquifer system Transgressive surface

Fig. 16 - Along the entire Po Basin, from the Apenninic margin to the coastal plain, the major aquifers are
represented by amalgamated alluvial fans, vertically-stacked Po channel belts and nearshore sands. Modified from
Amorosi (2008).

2.3. The Po River catchment and its evolution since the LGM

The Po Plain is the largest alluvial plain in Italy, elongated in W-E direction, from the

Alps to the Adriatic Sea (Fig. 17). It is drained by the Po River, the longest river in Italy,
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which originates from the western Alps and flows eastward across the modern alluvial
plain for 691 km. It counts on 141 tributaries, both from the Alps and the Apennines
which supply different volumes and type of sediment to the Po River, depending on

their source area (Alps vs Apennines, see Amorosi et al., 2002).

Adriatic

Tyrrhenian
Sea

Fig. 17 - The modern Po River course across the Po Plain. In yellow the Po River catchment with its Alpine and

Apenninic tributaries.

The Po River represents the main resource of fresh water for the Adriatic Sea, and
the average discharge measured at Pontelgoscuro (Fe) is 1.525*10% m3/s (Maselli et
al., 2011). Upstream to this location, at a distance of ca. 100 km by the modern
shoreline, the gradient of the Po Plain steepens. Downstream of Pontelagoscuro, the
river enters the coastal region, flattening its profile (Fig.18) and developing the present-
day delta which consists of six major distributary channels: Pila, Levante, Maestra,
Tolle, Goro, Gnocca (Fig. 19). Two additional branches, south of the modern delta, are
Po di Volano and Po di Primaro, this latter occupied at present by the Reno River.
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Fig. 18 - Po River gradient (modified from Correggiari et al., 2005). Fig. 19 - Modern Po Delta branches.

26



The present-day delta, in fact, evolved only in the last 500 y, after the Porto Viro
diversion (1599-1606 AD), with progradation of the shoreline of about 30 km
(Correggiari et al., 2005). Since the 1600 AD, though the relative importance of the
individual lobes changed through time, and delta lobes underwent retreat once another
lobe was dominant, the Po Delta can be considered supply-dominated as a whole
(Cerreggiari et al., 2005).

In the past, during the Bronze age (ca. 3.5 ky BP), the Po Delta was a wave-
dominated delta and extended southward in the coastal area between Ravenna and
Adria, with numerous outlets and branches which evolved because of natural avulsion.
It formed a cuspate delta, as suggested by the preservation of several stranded sand
ridge systems (Bondesan et al., 1995; Correggiari et al., 2005). In the late Bronze Age
(ca. 3 ky BP), the Po River system consisted of two main branches: Po di Adria to the
north and Po di Spina to the south (Fig. 20A). During the Roman Age (2500-1500 BP),
the whole system was located south of the present delta and developed the Po di
Eridano and Po di Olano branches (Fig. 20B). The Po di Primaro was the most
important branch to the south during the Middle Age (500-1500 AD), along with the Po
di Ariano to the north (Fig. 20C), which evolved in the Po di Volano (Fig. 20D). The
majorhi st orical natwural avulsion, named fARotta di
Po River system up to the north (Fig. 20E), leading to the formation of Po delle Fornaci
and Po di Ariano-Goro.
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Fig. 20 - Pre-Modern Age Po delta evolution: A) End of Bronze Age (Po di Spina and Po di Adria); B) Roman Age
(Po di Eridiano and Po di Olano); C) Middle Age (Po di Primaro and Po di Ariano); D) During the Middle Age Po di
Ariano evolved in the Po di Volano ; E) After the Ficarolo avulsion in the 12th century, Po di Primaro was abandoned

and the main trunk of the Po moved to the north (from Correggiari et. al., 2005)

During the Last Glacial Maximum (24-19 ky BP), the Po River and its tributaries

reached the central Adriatic basin, because of the sea-level lowstand (Correggiari et
1999), with establishment of alluvial conditions

al, 1996; Cattaneo and Trincardi,
, 2011).

throughout the subaerially exposed North Adriatic shelf (Fig. 21 - Maselli et al
As a consequence, the Po River drainage systems reached 190,000 km2, more than

twice larger than the present one (74,500 km?2).
Kettner and Syvitski (2008) used a numerical model to make discharge predictions

based on climate and drainage characteristics. They estimated an average suspended
sediment flux of 46.6 Mt/ly and an average bedload of 0.83 Mt/y of the Po River during
the Late Pleistocene (21-10 ky BP). These values are 75% bigger than those related to
the Holocene (10-0 ky BP): for this period, the model calculated a suspended sediment
flux of 26.7 Mt/y and a bedload of 0.53 Mt/y. However, considering the sediment yield
with load sediment normalized to unit area, simulations showed higher values for the
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sediment yield during the Holocene (336 t/km2*y vs 283 t/lkm2*y calculated for the Late
Pleistocene) due to an increase in precipitation during the warmer Holocene.
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Fig. 21 - In red: the Po River catchment area during the last sea-level lowstand (Last Glacial Maximum). In violet:
the modern Po River catchment area. Modified from Maselli et al. (2011).
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3. METHODS

The high-resolution stratigraphic investigation was carried out through the
construction of 2D cross-sections at different scales (up to 123 km long). Data spacing
ranges between 0.3 to 2 km and the average depth of investigation is about 50 meters.

Detailed stratigraphic correlations were based on a large borehole data base from
various sources and supported by multi-proxy investigation of core descriptions
available, along with geotechnical, hydrogeological, petrographic and geochemical
data, as well as radiocarbon dating. New fresh cores were collected to calibrate older
data and to implement the chronostratigraphic framework (**C samples). Accurate
facies analysis was carried out in order to make reliable stratigraphic interpretations,
taking into account both horizontal and vertical relationships between different

lithofacies.

3.1. Geological dataset

The study has counted on different databases, listed below:

1) Regione Emilia-Romagna (RER) database

2) Regione Lombardia database

3) Iltalferr S.p.A. (Ferrovie dello Stato Italiane Group)

4) Universita del Molise and Cosib (Consorzio per lo sviluppo industriale
della valle del Biferno)

The Geological Mapping Project (at 1:50,000 scale) pushed for a vast drilling
campaign carried out by the Regione Emilia Romagna and Regione Lombardia
Geological Surveys in the Po Plain during the last 20 years, allowing the collection of
several thousands of new stratigraphic information. All these data are stored in pdf
format at the Geological, Seismic and Soil Survey of Regione Emilia-Romagna and
Regione Lombardia, respectively.

As regards the data used in this work, a total of 1,686 stratigraphic data were taken
from the RER database, and 116 from the Regione Lombardia database.

The RER database (Fig. 22) has recently been implemented with additional
continuously cored boreholes, drilled: to study the sand liquefaction after the 2012 5.9
Mw earthquake (22 new continuous cores); to map the saltwater intrusion along the

coast (3 cores); for other purposes (6 cores).
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Veneto

Fig. 22 - The Emilia-Romagna and Lombardy (Oltre Po Mantovano) dataset. In orange, the new continuous cores
recovered by the RER Geological Survey during 2012-2015.

The ltalferr S.p.A. (Ferrovie dello Stato Italiane Group) dataset includes 19
continuous cores and 7 cone penetration tests CPT (Fig. 23). Two additional
continuously drilled boreholes (S1 and S14, Fig. 23) were collected: S14 was provided
by Cosib (Consorzio per lo sviluppo industriale della valle del Biferno); S1 was
specifically drilled for this work.
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Fig. 23 - The Biferno coastal plain database: continuously cored borehole descriptions (black dots);
freshly-drilled continuous cores (black stars); cone penetration tests (blue dots).
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As a whole, the geological dataset is composed of different types of stratigraphic
information, depending on the different methods of investigations, with peculiar vertical
resolution, range of depth, and quality of descriptions. Listed below are the main
sources of data:

1 Continuously cored boreholes (20-50 m deep): are fundamental tools for
statigraphic reconstructions, because facies analysis on cores guarantees high-
resolution stratigraphic information such as: lithology, grain-size tendencies,
colors, contacts, accessory materials (roots, wood and plants fragments,
carbonate nodules, bioturbation, fossil content), pedogenic features, pocket
penetrometer and torvane test values. Locally, are also included uncalibrated
radiocarbon dates, as shown in Fig. 24, which represent examples of high-
resolution core description used for the geological mapping of Italy (at 1:50,000
scale) by the RER Geological Survey (CARG Project). CARG stratigraphic logs
may provide stratigraphic, pedological, geotechnical (pocket penetrometer and
torvane test measurements), paleoclimatic, paleobotanic and paleontological

information.
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Fig. 24 -Typical stratigraphic log description from CARG Project (RER Geological Survey database).

Other stratigraphic descriptions are less detailed, because realized for non-

stratigraphic purposes, such as hydrogeological surveys, and may lack information
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about accessory materials, consistency, pocket penetrometer and vane test values
(Fig. 25).
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Fig. 25 - Example of common stratigraphic description from the RER Geological Survey database.

Some of the cores were directly studied during this research, such as those drilled
during the sand liquefaction campaign, carried out by RER Geological Survey during
the 2012 (Fig. 26). Samples were collected from freshly-drilled cores for laboratory

analyses (radiocarbon dating, paleontological and geochemical characterization).
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Fig. 26 - Freshly-drilled core directly observed during this study.

1 Water wells (30-450 m deep) were drilled for hydrological purposes.
Because of their intrinsic scarce vertical resolution, their related stratigraphic
descriptions are mostly restricted to basic grain-size (sand= aquifers; clay=aquitard)
information (Fig. 27). Rarely, they may include annotations on color, grain size and
organic matter content. These descriptions were utilized to identify thick fluvial-
channel bodies, especially the deepest ones, lying more than 50 m below the

ground surface.
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Fig. 27 - Example of water well description (RER Geological Survey database).

1 Cone penetration tests (CPT) and piezocone penetration tests (CPTU)
are efficient indirect investigations commonly utilized for geotechnical
investigations, that provide cone resistance (Qc), slevee friction (Fs) and pore
pressurevalues(U) . These tests-carsd or emlnat iaw el yc hfalrcavwe t
high vertical resolution (Fig. 28). The depth of investigation is up to 15 m for CPT
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tests, and up to 36 m for CPTU tests. Recent studies on late Quaternary deposits

have revealed the efficiency of cone penetration tests for facies characterization

and subsurface stratigraphic correlations (Amorosi and Marchi, 1999; Styllas, 2014;

Amorosi et al., 2015). For detailed information on the stratigraphic use of this

technique, the reader may refer to Amorosi and Marchi (1999).
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Fig. 28 - Example of CPTU test from the RER Geological Survey database.
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All stratigraphic information stored as archived material was re-interpreted from a
sedimentological point of view, leading to facies interpretation of simple lithologic
descriptions.

Specific attention was paid to accessory components that might reveal information
useful to the reconstruction of the depositional environments. Subaerial exposure or
pedogenesis was detected through careful examination of several features, such as
consistency, color, carbonate concretions, Fe and Mg oxides, presence of organic
matter and high pocket penetrometer values.

For each re-interpreted element of the dataset, the resulting stratigraphic log was

associated to its depositional facies interpretation (Fig. 29) and plotted in cross-
sections.
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Fig. 29 - Example of re-intepretation of core description stored in the geological RER Geological Survey database.
On the right, stratigraphic log and resulting facies interpretation.
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Uncalibrated radiocarbon dates archived in the dataset, were calibrated using two
calibration programs: Calib 7.1 (referenced as Stuver and Reimer, 1993), with the
Intcall3 and Marinel3 datasets (Reimer et al., 2013); Oxcal 4.2 (Ramsey, 2009), with
the Intcall3 calibration curve and Marinel3 datasets (Reimer et al., 2013), as shown in
Figure 30.

Organic-rich samples from fresh cores observed were dated:

9 atthe Laboratory of lon Beam Physics (ETH, Zurich, Switzerland);

1 at CIRCE Laboratory (Caserta, Italy);

i at the Laboratory of Korea Institute of Geoscience and Mineral Resources

(KIGAM, Republic of Korea)
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Fig. 30 - Oxcal 4.2: free online source at https://c14.arch.ox.ac.uk/oxcal/OxCal.html.

38



39



4. STUDY AREA SUMMARY

This work focuses on the Late Pleistocene-Holocene transition in the southern Po
Basin. Five areas were investigated, with the aim of unraveling the role of different
allogenic factors (climate, eustacy, sediment supply, etc...) on stratigraphic architecture
in the last 45 ky. The study starts from the distal portion of the basin (i.e., the coastal
plain deposits), and then moves to two increasingly internal areas (Central Po Plain), >
100 km landward from the modern Adriatic coastline: the alluvial sector characterized
by the Po channel belt deposits (study area 2 - Fig. 31), and the mud-prone interfluvial
succession between the Apenninic margin and the Po channel belt (study area 3 - Fig.
31).

The fourth study area (Biferno coastal plain) is also located along the Adriatic coast,
but ca. 300 km south of the Po Plain. Through the reconstruction of the Biferno coastal
deposits, we had the opportunity to document two coeval (Late Pleistocene - Holocene)
coastal sedimentary successions, diverging in terms of shelf gradient and proximity to
the LGM-lowstand Po Delta.

Study area 5, broadly coincides with the Ferrara urban perimeter, was selected to

show how high-resolution stratigraphic studies can be used for practical purposes.
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Fig. 31 - Approximate location of the study areas across the Po Plain. Modified from Amorosi (2008).
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4.1. Study area 1

Sequence stratigraphy and late Quaternary paleoenvironmental evolution of the

Adriatic coastal plain (northern Italy)

Bruno Campo, Alessandro Amorosi, Stefano Claudio Vaiani

Study area 1 (Fig. 32) includes the Emilia-Romagna coastal plain sector, between
the city of Cesenatico and the modern Po Delta.

In this work we used 15 high-resolution core descriptions, 29 conventional
continuous core descriptions, 16 stratigraphic data from water wells and 54 cone
penetration tests from the Regione Emilia-Romagna database and from previous
published studies (Amorosi et al., 1999a, 1999c, 2003).

Stratigraphic dates were calibrated, in terms of facies interpretation, to the freshly-
drilled continuous c¢ owas suppGreed byidetaile® inicrofobdil
analyses, which refined facies interpretation. The chronostratigraphic framework was
based on a total of 29 published **C dates (Amorosi et al., 1999a, 2003; Geological
Map of Italy at 1:50,000 scale, Sheet 187, 205, 223, 240-241, 256; Scarponi et al.,

2013)andonf our new radiocarbon ages dnd223S1¢or es

Detailed stratigraphic correlations between the cores allowed thecons t r uct i
93 km-long cross-section parallel to the present shoreline and transversal to the
Holocene transgressive-regressive coastal wedge. Stratigraphic relationships
documents along-strike changes in facies architecture, across the Late Pleistocene
(45-12.5 ky BP) alluvial succession, and the Holocene (12.5 ky BP to Present) marine-
influenced deposits. High-resolution facies analysis, along with a well-constrained
chronostratigraphic framework, led to the accurate paleoenvironmental reconstruction
of the last 45 ky BP depositional history along the transect. We also provide a
sequence stratigraphic interpretation for the whole sedimentary succession.

: Lk
;ﬁdeg §’9 el
I

A4 l"' .
Lo WS PA TR

Fig. 32 - Location of study area 1 (yellow rectangle).
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4.2. Study area 2

Contrasting alluvial architecture of Late Pleistocene and Holocene deposits along a

120-km transect from the central Po Plain (northern Italy)

Bruno Campo, Alessandro Amorosi, Luigi Bruno

In this study, we moved our research landward, ca. 90 km updip from the modern
Adriatic coastline (Fig. 33). The construction o 120 km-Igpg transect, roughly
coincident with the southern bank of the modern Po River, documents for the first time
the Pleistocene-Holocene stratigraphy of a fluvial-dominated sector (Last Glacial
Maximum to the Present) in the Central Po Plain. Based on 28 radiocarbon dates,
facies interpretation from 60 high-quality core descriptions (performed by the Regione
Emilia-Romagna Geological Survey) and three freshly-drilled continuous cores, the
contrasting stratigraphic architecture of Late Pleistocene (LP) and Holocene (H)
deposits was highlighted. Changes in lithofacies and channel stacking patterns reveal
the vertical superposition of amalgamated fluvial-channel sands (LP) and mud-
dominated deposits (H), with isolated fluvial-channel bodies.

We also attempted to establish the link between facies architecture, sea-level

fluctuations (lowstand vs highstand) and climate changes (glacial vs interglacial

conditions).
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Fig. 33 - Location of study area 2 (yellow rectangle).
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4.3. Study area 3

The value of pocket penetration tests for the high-resolution stratigraphy of late

Quaternary deposits
Alessandro Amorosi, Luigi Bruno, Bruno Campo, Agnese Morelli

The third study area (ca. 6,750 km?) is located in south of the study area 2 of the Po
Plain, between the Po River channel belt and the Apenninic margin (Fig. 34).

We properly selected a mud-prone alluvial succession (Panaro and Reno River
interfluve), to test a new method for paleosol identification, on the basis of geotechnical
properties generated from simple pocket penetrometer (Pp) values.

In order to test this new technique, three freshly-drilled cores were used as
reference cores for facies analysis, and additional 40 stratigraphic logs (from the
Regione Emilia Romagna database) provided with Pp values.

Fig. 34 - Location of study area 3 (yellow rectangle).

43



4.4. Study area 4

A late Quaternary multiple paleovalley system from the Adriatic coastal plain

(Biferno River, Southern Italy).

Alessandro Amorosi, Vito Bracone, Bruno Campo, Carmine DOAMI c,Carmevi®r oni c a

Rosskopf

Study area 4 is located along the Adriatic coast, ca. 300 km to the south of the
modern Po coastal plain (Fig. 35). In this study, we depicted the high-resolution facies
architecture of the Biferno valley fill (Late Pleistocene-Holocene) through a multi-proxy
approach including geomorphological, stratigraphic, sedimentological and
paleontological (benthic foraminifers, ostracods and molluscs) information. The
extremely high data density (2 new continuously cored boreholes, high-quality core
descriptions, and cone penetration tests) allowed the construction of a ca. 2 km-long
cross section parallel to the modern Adriatic shoreline. We also provided a sequence
stratigraphic interpretation of the investigated coastal succession.

This study represents an opportunity to compare two coeval successions located in
a different geological setting (Po Plain and Biferno coastal plain) along the Adriatic

coast.

\  Adriati

Fig. 35 - Location of study area 4 (yellow rectangle on the right). On the left, the LGM paleoenviron-
mental reconstruction from Maselli et al. (2014). In the red rectangle, the LGM Biferno area.
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4.5. Study area 5

Origin of VC-only plumes from naturally enhanced dechlorination in a peat-rich
hydrogeologic setting

Maria Filippini, Alessandro Amorosi, Bruno Campo, Sara Herrero-Martin, lvonne Nijenhuis, Beth L.
Parker, Alessandro Gargini

The fifth study area corresponds to the city of Ferrara (Fig. 36). This study was
carried out to show how high-resolution sequence stratigraphic studies on
unconsolidated sediments (Late Pleistocene-Holocene) may be useful for practical
purposes. The research was developed in collaboration with a team of hydrogeologists
(Prof. Alessandro Gargini and Dr. Maria Filippini, University of Bologna): we provided a
6 km-long cross section, depicting the stratigraphic architecture and the facies
distribution beneath the city of Ferrara. Through the combination of hydrostratigraphic
and stratigraphic-sedimentological data, we investigated the causes of VC-only plumes
(with uncertain source location) in the aquifers; we also proved that reductive
dechlorination of PCE and TCE takes place during contaminant migration through peat-
rich layers (swamp deposits) related to the Holocene transgression.

Adriatic
Sea

Fig. 36 - Location of study area 5 (yellow rectangle).
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5. MANUSCRIPTS

5.1. Paper 1 (Study area 1)

Sequence stratigraphy and late Quaternary paleoenvironmental evolution

of the Adriatic coastal plain (northern Italy)*

Bruno Campo, Alessandro Amorosi, Stefano Claudio Vaiani

*Submitted to Paleo3
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Sequence stratigraphy and late Quaternary paleoenvironmental evolution of the

Adriatic coastal plain (northern Italy)

Bruno Campo®, Alessandro Amorosi®, Stefano Claudio Vaiani®

% Dipartimento di Scienze Biologiche, Geologiche e Ambientali, University of Bologna, Via Zamboni 67,
40127 Bologna, Italy

Abstract

Integrated sedimentological and micropaleontological data were used for the
construction of a 93 km-long stratigraphic cross-section parallel to the modern Adriatic
shoreline (northern Italy). The stratigraphic panel, transversal to the Holocene
transgressive-regressive coastal wedge for most of its length, highlights for the first
time along-strike changes in facies architecture. Close to the Apenninic margin, the
Late Pleistocene alluvial deposits (ca. 45-12.5 kyr BP) consist of pedogenized
floodplain muds that are replaced beneath the modern Po Delta by a laterally
continuous, ~20 m-thick channel-belt sand body. A major paleosol, younger than 34 kyr
cal BP, is inferred to have formed in response to sea-level fall and river downcutting at
the onset of the Last Glacial Maximum (MIS 3-MIS 2). Another paleosol (12.5-10 kyr
BP), associated to the Younger Dryas (YD) cold event, marks the transition from latest
Pleistocene alluvial deposits to overlying Holocene coastal facies. In terms of sequence
stratigraphy, the lower paleosol represents the sequence boundary and the coeval,
amalgamated channel-belt deposits form the lowstand systems tract. The transgressive
surface coincides with a weakly-developed paleosol (18.5-16 kyr BP) that marks a
major phase of channel abandonment induced by early sea-level rise. The YD paleosol
allows subdivision of the transgressive systems tract (TST) into lower and upper TST.
The lower TST, well developed in the south and in the north, is characterized by thin
poorly-drained floodplain deposits; the upper TST, showing vertical transition to coastal
and shallow-marine clays , has di agnostic 6marinebd signa
continuous, with no significant thickness changes. The maximum flooding surface
marks the turnaround from a deepening-upward to shallowing-upward trend. The
highstand systems tract includes a prograding succession of prodelta clays and

overlying delta-front sands. The late Holocene beach-ridge sand body is continuous for

! Corresponding author. Fax +39 051 2094522. Phone +39 051 2094564.
E-mail addresses: bruno.campo2@unibo.it (B. Campo), alessandro.amorosi@unibo.it (A. Amorosi),
stefano.vaiani@unibo.it (S.C. Vaiani).
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> 93 km, suggesting that prograding delta systems had wave-dominated, arcuate

geometry, with transition to laterally continuous strandplains.

Keywords: late Quaternary, coastal plain deposits, sequence stratigraphy,

paleoenvironmental evolution, Po Plain

1. Introduction

Coastal depositional systems have been extensively investigated since the
beginnings of sequence stratigraphy (Vail, 1987; Posamentier et al., 1988; Galloway,
1989) and their successive developments (Dalrymple et al., 1992; Posamentier et al.,
1992; Allen and Posamentier, 1993; Catuneanu, 2006; Neal and Abreu, 2009). In
particular, late Quaternary coastal successions represent ideal natural laboratories that
may offer a very high-resolution chronologic framework to a number of possible
ancient analogs, for several reasons: (i) Late Pleistocene and Holocene sea-level
fluctuations are well established; (ii) sedimentary successions are generally poorly
deformed by tectonic activity; (iii) radiocarbon dating provides the basis for very
accurate stratigraphic correlations, and (iv) the species that make up the fossil record
are readily comparable to the modern ones.

The subsurface of the Po coastal plain (Fig. 1), in northern lItaly, has been
extensively investigated in the past 30 years, and several studies carried out for
different purposes (coastal hazard mitigation, aquifer characterization, geological
mappi ng, eledtcéthe highares@ution reconstruction of late Quaternary facies
architecture. These studies, however, have been conducted on relatively small areas of
the Adriatic coastal plain (Amorosi et al., 1999a, 2003, 2004; Amorosi and Colalongo,
2005; Stefani and Vincenzi, 2005). Based on a series of stratigraphic cross-sections
perpendicular to the coastline, Amorosi et al. (1999a, 2003) identified the characteristic
wedge-shaped stratigraphic architecture of the Holocene coastal deposits, between
Ravenna and Comacchio (Fig. 1). Amorosi et al. (2004) and Amorosi and Colalongo
(2005) enhanced this stratigraphic framework, pointing out a characteristic
(transgressive-regressive, T-R) cyclicity of coastal and alluvial deposits from the same
area (Figs. 1 and 2a). On the basis of combined radiocarbon and pollen data, a major
glacio-eustatic control on sedimentation, falling in the Milankovitch band (~100 kyr) was
documented for the youngest two T-R cycles (Fig. 2b). Following Embry (1995),
Amorosi and Colalongo chose the transgressive surfaces (TSs) as the most prominent
markers for stratigraphic correlations, because of their high subsurface traceability

across the basin. The TSs mark the landward shifts of barrier-lagoon systems,
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corresponding to dramatic facies changes from pedogenized lowstand alluvial plain
strata to overlying back-barrier deposits. Each coastal wedge, thus, includes
transgressive (TST) and progradational (HST) deposits, separated by the maximum
flooding surface (MFS). The upper parts of the T-R cycles mark the transition to alluvial
deposits, which represent the falling-stage and lowstand systems tracts (FSST and
LST). Widespread alluvial plain aggradation, even during periods of sea-level fall was
favored by high rates of tectonic subsidence (Amorosi et al., 2004).

This paper is based on a > 90 km-long stratigraphic cross section, parallel to the
present Adriatic coastline, from Cesenatico to the modern Po Delta (Fig. 1). Through
this stratigraphic panel, for the first time we show the along-strike stratigraphy of the
late Quaternary (last 45 kyr) coastal succession of the Po Plain. The objectives of this
study are:

fito investigate along-strike variations in stratigraphic architecture of the
Holocene T-R wedge;

fito offer the sequence-stratigraphic interpretation of the whole late Quaternary
succession, through the identification and lateral tracing of all key surfaces;

fito check the extent to which proximity to the Apenninic chain influenced coastal
evolution with respect to the modern delta area.

Long stratigraphic cross-sections (> 50 km) parallel to the coastline, though reported
from the rock record (Forzoni et al., 2015; Hampson et al., 2011), are uncommon in
late Quaternary studies and lacking from the Mediterranean area. Literature examples
are from McFarlain Jr. (1961), who reconstructed three cross-sections transversal to
the Mississippi Delta; Goodbred Jr. and Kuehl (2000) and Goodbred Jr. (2003), who
studied stratigraphy and evolution of the Ganges-Brahmaputra delta through several
>100 km long sections; Hijma et al. (2009), who documented the stratigraphic evolution
of the Rhine mouth through ca. 50 km long cross-sections. Additional case studies are
from the East Asian coastal plains, including the Yangtze delta (Li et al., 2002) and the
Mekong delta (Ta et al., 2005).
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Fig. 1 - Study area with indication of the section trace of Figures 4 and 6.
Sixteen continuous cores for which facies interpretation is available are shown
along the transect. The blue line indicates the trace of the section in Fig. 2a.

2. Geological setting

The Emilia-Romagna coastal plain is the seaward portion of the wider Po Plain, a
peri-sutural basin bounded by the Alps to the north and the Apennines to the south
(Fig. 1). Following accurate hydrocarbon exploration campaigns, the thickness of the
Pliocene and Quaternary basin fill has been estimated to be ca. 700-800 m (Castellarin
and Vai, 1986; Pieri and Groppi, 1981). Further detailed stratigraphic investigation
carried out by Regione Emilia-Romagna and Eni-Agip (1998) south to the Po River
identified six depositional sequences bounded by third-order, seismic-scale
unconformities. The youngest sequence (ca. 0.87 Myr-Present, - Muttoni et al., 2003)
was subdivided into eight lower-rank (fourth-order) depositional cycles, equivalent to
the transgressive-regressive (T-R) cycles of Amorosi and Colalongo (2005).

In the Po coastal plain, the T-R cycles consist of repeated alternations of coastal
and alluvial deposits. Two wedge-shaped coastal sand bodies were reconstructed
between 0-30 m and 100-130 m depth, respectively, separated by a thick mud-
dominated alluvial succession (Amorosi et al., 2004 - Fig. 2a). Pollen characterization
proved a glacio-eustatic control on facies architecture (Fig. 2b), with a major influence
by the Milankovitch-scale periodicity (ca. 100 kyr). In particular, the expansion of broad-
leaved forests reconstructed from the coastal deposits was associated to the Marine

Isotope Stage (MIS) 5e and MIS 1 interglacials; whereas the thick alluvial succession
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between the two coastal wedges was assigned to the MIS 4 to MIS 2 glacial period
(Amorosi et al., 1999b, 2004; Amorosi and Colalongo, 2005).

In terms of sequence stratigraphy, the two coastal wedges have been interpreted to
represent the landward migration of barrier-lagoon systems and the following
progradation of wave-influenced deltas; for this reason, they include the transgressive
systems tract (TST in Fig. 2) and the highstand systems tract (HST). The intervening
alluvial deposits represent the falling stage systems tract (FSST of Plint and
Nummedal, 2000) and the lowstand systems tracts (LST), which accumulated under
the influence of high tectonic subsidence rates (Amorosi and Milli, 2001). The
transgressive surface (TS) marks the abrupt facies transition from stiff pedogenized
alluvial deposits (LST) to overlying back-barrier strata (TST). The laterally extensive
erosional surface separating back-barrier deposits from transgressive sands, was
interpreted as the ravinement surface or RS (sensu Swift and Nummedal, 1987). The
maximum flooding surface (MFS) is located at the transition between retrogradational
to progradational stacking patterns.

The anatomy of the Holocene coastal wedge has been described by Amorosi et al.
(1999a, 2003), Bondesan et al. (1995) and Rizzini (1974) from the Romagna coastal
plain to the modern Po delta. Through the reconstruction of beach-ridge/drainage
system evolution, the role of autogenic processes to sedimentary evolution has been
established (Bondesan et al., 1995; Ciabatti, 1967; Correggiari et al., 2005a, 2005b;
Stefani and Vincenzi 2005; Veggiani, 1974).
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pollen (excluding Pinus); SB: sequence boundary; TS: transgressive surface; MFS: maximum flooding surface. Modified
from Amorosi (2008).

3. Methods

A total of 114 stratigraphic data were selected from the Emilia-Romagna Geological
Survey database: these data include 15 high-resolution, sedimentological core
descriptions (at ca. 45 m depth), 29 conventional (lithologic) core descriptions (ca. 30
m deep), 16 stratigraphic data from water wells (> 50 m deep), and 54 cone

penetration tests (10-36 m deep). All stratigraphic data were used for the construction
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of a 93-km-long stratigraphic cross-section parallel to the modern Adriatic shoreline
(Fig. 1).

High-resolution, sedimentological core descriptions include all relevant information
for facies interpretation, such as grain-size, color, accessory materials, pedogenic
features, pocket penetrometer values and radiocarbon dates. Conventional core
descriptions include basic grain-size characteristics, but lack geotechnical information,
soil characteristics, radiocarbon dates and fossil annotations. Despite their poor-quality,
water well descriptions were used, as they offer basic lithologic (clay/sand) distinctions
that are useful to identify thick sand bodies in the subsurface. Finally, data from cone
penetration tests (CPT) and piezocone penetration tests (CPTU) were utilized, as they
may serve to perform detailed facies characterization and subsurface stratigraphic
correlations (Amorosi and Marchi, 1999; Amorosi et al., 2015; Sarti et al., 2012). For
facies calibration of CPTU tests, weused t he freshly drilled contin
52.5 m long (Fig. 1).

Microfossil (foraminifer and ostracod) analyses from cores 256-S6, 240-S6, 187-S6
and 187-S4, integrating a review of paleontological data from cores 240-S8, 223-S1,
223-S17, 205-S4, 205-S9, 205-S14 and 187-S1 (Amorosi et al., 1999a, 1999b, 2003,
2004; Vaiani, 2010), were carried out to refine facies interpretation.
Paleoenvironmental interpretation of microfaunal assemblages is based mainly on the
recent distribution of observed taxa in the Mediterranean, specifically the Northern
Adriatic Sea (Donnici and Serandrei Barbero, 2002; D'Onofrio, 1969; Jorissen, 1988;
Montenegro and Pugliese, 1996; Rossi and Horton, 2009). Further information was
obtained by comparison with assemblages from other subsurface successions of the
Po coastal plain (e.g. Di Bella et al., 2011, 2013; Dinelli et al., 2013; Fiorini, 2004).

The chronologic framework is based on a total of 29 published **C dates on peat,
organic-rich layers, shells, wood and plant fragments (Amorosi et al.,, 1999a, 2003;
Geological Map of Italy at 1:50,000 scale, Sheet 187, 205, 223, 240-241, 2561 Tab. 1).
One sample from core ACervia 20 was dated at
Geoscience and Mineral Resources (KIGAM, Republic of Korea). One sample from
core 223-S17 was dated at the Laboratory of lon Beam Physics (ETH, Zurich,
Switzerland). Two samples from core 240-S6 were dated at CEDAD (University of
Salento, Italy). All radiocarbon dates were calibrated by Oxcal 4.2 (Ramsey, 2009),
with the Intcall3 calibration curve and Marinel3 (Reimer et al., 2013) witha @R v al ue
of 139 £ 28 yr (Langone et al., 1996).
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Tab. 171 List of radiometric ages. (* Geological Map of Italy at 1:50,000 scale).

Core Depth in core Material Conventional ** C age Calibrated Calibrated age a References
(m) (yr BP) range (yr BP) mean (yr BP)

256 S6 19.9 Organic clay 9,730£50 11,245-11,075 11,145 9 Sheet 256*
256 S6 32 Organic clay 29,780+320 34,545-33,375 33,925 280 Sheet 256*
256 S6 38 Wood 33,140+410 38,445-36,320 37,370 580 Sheet 256*
241 S1 10.1 Organic clay 5,840+50 6,755-6,500 6,645 65 Sheet 240-241%
241 S1 14.9 Organic clay 9,520+50 10,905-10,655 10,875 135 Sheet 240-241%
24181 237 Organic clay 14,290+60 17,610-17,175 17,400 110 | Sheet 240-241*
24151 39.8 Organic clay 38,390560 43,320-41,745 42,520 395 | Sheet 240-241%
240 S8 21 Organic clay 8,840+100 10,195-9,600 9,015 165 | Sheet 240-241*
240 S8 305 Organic clay 13,270£50 16,145-15,755 15,955 100 | Sheet 240-241*
Cervia2 16.45 Organic clay 6,720+40 7,665-7,555 7,585 35 This paper
240 S6 21.55 mollusk shell 7,384+45 8,037-7,856 7,958 45 This paper
240 S6 23.60 mollusk shell 7,358+45 8,013-7,843 7,932 45 This paper
223 S1 16.1 Organic clay 3,305£60 3,645-3,395 3,535 70 Amo{ggg‘? al,
223 S1 25.6 Wood 8,16060 9,290-8,995 9,125 9 Sheet 223*
22381 256 Wood 8,170+50 9,270-9,010 9,130 80 Amo{ggg‘? al.
223 S1 32.8 Organic clay 25,580£170 30,315-29,260 29,755 270 Amolrg;igzt al.
22351 45 Wood 33,530£440 38,855_36,550 37,785 605 Sheet 223*
223 817 236 Shell 4,400+35 4,505-4,230 4,365 70 This paper
205 S4 8.65 Shell 1,46055 993-719 858 68 Amor;;é? al.,
205 S4 10-10.1 Shells/Lentidium 1,390+30 897-699 797 53 S"a’g%”liset al.
205 S4 31.5-31.75 Shells/Lentidium 8,485£30 9,382-9,121 9,231 63 Scar')z%TSEt al,
205 S4 32.5-32.6 Shells/Lentidium 8,575+30 9,442-9,278 9,361 45 Sca"’z%“li;t al,
205 S4 344 Organic clay 15,280+380 19,455-17,700 18,545 430 Amorzo(f(i)gt al.
205 S14 3-3.1 Shells/Lentidium 1,080+25 621-487 547 36 Sca"’z%T;t al,
205 S14 317 Organic clay 10,480+40 12,570-12,375 12,430 100 AmOEO;(;;‘ al.
205 S9 8.4 Organic clay 2,013457 2,125-1,860 1,975 70 Am°r2°os(i)§l al.
205 S9 26.9-27 Shells/Lentidium 7,975+30 8,382-8,192 8,298 50 Sca'g%”liset al,
205 S9 26.9-27 Shells/Varicorbula 8,075:30 8,501-8,316 8,398 45 Sca'g%”liset al,
205 S9 312 Plant fragments 9,500£80 11,110-10,570 10,840 160 Am°r2°;(;391 al.
205 S9 353 Wood 18,830+140 23,035-22,410 22,710 165 | Amorosietal,
187 S1 25.85 Plant fragments 8,250+60 9,420-9,070 9,230 100 Sheet 187*
187 S1 50.05 Peat 41,790+1000 47,495-43,440 45,390 1,005 Sheet 187*
187 S4 25.45 Peat 8,020£70 9,035-8,635 8,875 115 Sheet 187*

4. Facies associations

Facies characterization of late Quaternary deposits along the Adriatic coastal plain
relies upon the detailed sedimentological and micropalaeontological study of high-

quality cores in Fig. 1. Nine facies associations were identified on the basis of core
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data (Fig. 3). The description of the facies associations, follows the stratigraphic order,

from bottom to top.

10 cm

10 cm

10 cm

Fig.3-Representative core photographs depicting the major facies

(256-S6,241S1,240 S6, fi C e31vand®223507). a: hi@d3and silty sand alternations of levee (Lv) sediments
and overlying fluvial channel (Fch) sands with erosional base (yellow line); b: crevasse splay (CrS) deposit with
diagnostic CU trend; c: massive and mottled floodplain (Fp) silty clays; d: pedogenized floodplain deposit (Fp) with
weakly-developed paleosol consisting of A-horizon (organic-rich) and Bk horizon (calcic); e: massive and gray poorly-
drained floodplain (Pdf) silty clays; f: vertical transition from stiff floodplain (Fp) clays to overlaying soft and organic-rich
swamp (Sw) deposits; g: swamp (Sw) sediments capped by lagoonal (Lg) silty clays with shell fragments
(Cerastodermay); h: organic-rich swamp (Sw) clays and beach ridge (Br) sands with bioclasts and erosional base (yellow
line); i: massive and bioturbated prodelta (Pd) deposit with gastropods (turritella) overlain by medium to coarse gray
delta front (Df) sands; j: soft prodelta (Pd) muds with mm-cm sandy layers.
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4.1. Fluvial channel facies association

4.1.1. Description

This facies association is just a few m thick in the southern part of the study area,
but about 20 m thick across 30 km in the northern portion of the transect (Fig. 4). It is
composed of gray, well sorted, coarse to fine sand, with fining-upward (FU) tendency
and erosional base (Fig. 3a). Wood, plant debris and abraded or broken specimens of
foraminifera are rare, but locally present. The upper boundary to the overlain mud is
either sharp or transitional, and the entire succession is commonly capped by peat or
organic-rich layers. Piezocone penetration tests display high tip-resistance (Qc > 5

MPa), typically decreasing from base to top, along with negative pore pressure values.

4.1.2. Interpretation

The combination of lithology, sedimentological features and geotechnical
characteristics allows for interpretation of these deposits as fluvial-channel facies
association (Miall, 1992). Negative pore pressure values, indicating high permeability,
are typical for this type of depositional facies (Amorosi and Marchi, 1999). The
presence of wood, plant debris and poorly preserved foraminifers, interpreted as
reworked from older units, also supports this interpretation. The transitional or sharp
boundary to the overlying peats or organic-rich muds may reflect gradual or abrupt
channel abandonment, respectively, with development of standing bodies of water.

4.2. Crevasse and levee facies association

4.2.1. Description

This facies association, 0.5-2.5 m thick (Fig. 4), is barren and characterized by two
different lithofacies: (i) a rhythmical alternation of gray to brownish silty sand and silty
clay, with scattered root fragments, bioturbation, iron and manganese oxides, and
scarce carbonate nodules (Fig. 3a); (ii) medium-fine sand to silty sand bodies showing
either FU or coarsening-upward (CU) tendencies, with erosional or transitional base,

respectively (Fig. 3b). This facies is barren of fossils.

4.2.2. Interpretation

This facies association is interpreted as channel-related deposit, reflecting a broad
variety of depositional sub-environments formed as the result of fluvial activity next to
the channel axis. In particular, (i) the rhythmical alternation of silty sand and silty clay is

thought to represent sedimentation on natural levees, the sand/mud ratio increasing
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with decreasing distance from the river axis. Pedogenized features testify to subaerial
exposure; (ii) sand bodies with gradual base, sharp top and CU trend represent
crevasse splays; whereas sand bodies with erosional base and gradational FU
tendency to the top are interpreted to be crevasse channels (Collinson, 1996; Miall,
1992).

4.3. Well-drained floodplain facies association

4.3.1. Description

This facies association, typically encountered in the southern part of the cross-
section, about 20 m below the ground surface (Fig. 4), is up to 35 m thick, and
consists of a monotonous succession of highly pedogenized, rooted and deeply
bioturbated gray clay and silty clay with brownish-yellowish mottles (Figs. 3c and 3d).
Iron and manganese mm-scale nodules are abundant. The dominant clay is mostly
structureless, with faint horizontal mm- to cm- thick laminations. Silty sand to very fine
sand intercalations are locally present. Stiff pedogenized horizons or weakly developed
paleosols are common at various stratigraphic intervals. These paleosols are locally
characterized by diagnostic clay layering, with upper, dark-gray organic enriched A-
horizons and lower, whitish-gray Bk-horizons (Fig. 3d) with characteristic calcite and
oxides nodules (mm to cm in diameter). Shell fragments of continental molluscs,
commonly referable to Hydrobia and Planorbis, and valves of freshwater ostracods,
such as Candona and llyocypris are locally observed within thin, organic-rich clays.

Pocket penetration values range between 1.8-3 kg/cm2. Qc measurements in CPTU
tests are 1.8-3 MPa. These values are higher in paleosols, especially in the Bk-horizon
(3 to 6 kg/cmz; >2.5 MPa).

Radiometric dating yielded ages between 45.5 and 11 kyr.

4.3.2. Interpretation

Lithology, geotechnical data and presence of pedogenized features allow the
interpretation of this facies association as formed in a floodplain. Specifically,
monotonous clay and silty clay deposits, along with the presence of roots, bioturbation
and paleosols suggest a low-energy depositional environment characterized by
common episodes of subaerial exposure in well-drained conditions (Amorosi et al.,
2015a; 2014). The local occurrence of freshwater fossils is consistent with temporary
development of ephemeral swamps and ponds. Weakly developed paleosols with A-Bk

horizons are interpreted as Inceptisols (Soil Survey Staff, 2014), representing periods
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of non-deposition possibly 2-4 kyr long (Amorosi and Marchi, 1999; Amorosi et al.,
2014; Sarti et al., 2012).

4.4, Poorly drained floodplain facies association

4.4.1. Description

This facies association, with maximum thickness of 5 m (Fig. 4), is made up of gray
to dark gray clay and silty clay. Thin layers of decomposed organic matter, a few cm-
thick, are common, along with scattered mm-sized plant remains.

Shell fragments of continental mollusks (Hydrobia and Planorbis), commonly
associated with freshwater ostracods, mainly Candona and llyocypris, are common
within this facies association. No pedogenic features, such as manganese and iron
nodules, brownish-yellowish mottled or paleosols were encountered.

Pocket penetration and cone tip resistance values range between 1.2-1.9 kg/cm?2
and 1.2-1.9 MPa, respectively.

Radiometric dating gave ages between 16 and 10 kyr.

4.4.2. Interpretation

The dominance of clay in this facies association reflects a low-energy depositional
environment. The lack of Fe-Mn nodules and of traces of subaerial exposure,
combined with the presence of a freshwater fauna suggest a poorly drained floodplain
(Amorosi et al.,, 2016), where persistent influence of freshwater was favored by
topographic depressions (ponds), river floods and/or high water table. Geotechnical
measurements (pocket penetrometer and Qc) are consistent with a depositional
environment where the water influence induced lower consistency than the well-

drained floodplain.

4.5. Swamp/Inner estuary facies association

4.5.1. Description

This facies association, which forms an excellent stratigraphic marker across a
significant portion of the study transect (Fig. 4), consists of very soft dark to gray clay
(up to 4 m thick), with abundant organic matter, wood fragments and plant debris (Figs.
3f, 3g and 3h). Peat layers, 5-50 cm thick, are common within this facies association.

Thin sand layers are locally encountered.
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The fossil assemblage includes abundant freshwater ostracods, mainly Candona
and Pseudocandona (Fig. 5A), with the local occurrence of Ilyocypris, in association
with rare continental gastropods (see floodplain facies association).

Pocket penetration and cone tip resistance values are invariably < 1 kg/cm?2 (or
MPa), with average value of 0.5 kg/cm2 (or MPa). Peat layers may display higher
values, up to 1.9 kg/cm? (or MPa).

Radiocarbon ages between 10.9 and 9.2 kyr cal BP were obtained from this facies

association.

4.5.2. Interpretation

Lithofacies characteristics, geotechnical data, the fossil content and high amounts of
organic matter are coherent with very low-energy, freshwater depositional
environments deprived of any marine influence, such as swamps, coastal lakes, or the
inner portion of an estuary (Amorosi et al.,, 1999a, 2003). Radiometric ages indicate

that the development of paludal environments took place at the onset of the Holocene.

4.6. Lagoon/Outer estuary facies association

4.6.1. Description
This facies association displays maximum thickness of 11 meters (Fig. 4), and includes
two lithofacies. Lithofacies (i) consists of mm-cm thick alternations of soft gray clay and
silty clay rich in organic matter, wood fragments and brackish mollusks (mainly
Cerastoderma glaucum), with subordinate, thin sand layers (Fig. 3g). The microfossil
assemblage includes variable amount of ostracods, almost entirely represented by
Cyprideis torosa (Jones, 1850) and foraminifera, mainly Ammonia tepida (Cushman,
1926) and Ammonia parkinsoniana (d 6 Or b i g n with subdsd&é Cribroelphidium
spp. and Haynesina germanica (Ehrenberg, 1840) (Fig. 5B). Pocket penetrometer and
cone tip resistance values are < 1.3 kg/cmz2 (or MPa).
This lithofacies shows vertical transition to lithofacies (ii), which is made up of very fine
to medium gray sands, up to 1 m thick, with local sharp lower boundaries and overall
CU tendency. The fossil assemblage includes mainly poorly preserved planktonic and
benthic foraminifera.
This facies association occurs at three distinct stratigraphic levels: radiometric ages,
along with pollen data chronologically constrain the lower interval to the Bglling-Allergd
interstadial period (ca. 14-13 kyr BP) in core 240 S8 (Amorosi et al., 2004). The thick
stratigraphic interval reconstructed in the southern part of the transect is dated between

about 8 and 6.6 kyr BP. The upper interval is assigned to the last 2 kyr BP.
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4.6.2. Interpretation

Sedimentological characteristics and fossil assemblages are indicative of a
lagoonal/outer estuarine setting (Amorosi et al., 2003, 2004; Reinson, 1992; Tanabe et
al., 2006). Clay-silt alternations in lithofacies (i) represent inner lagoonal/estuarine
deposits because of the diagnostic microfossil assemblages, including taxa commonly
present in recent lagoon with high freshwater influx (e.g. Athersuch et al., 1989;
Debenay et al., 2000), such as those of Po River delta (e.g. Coccioni, 2000; D'Onofrio
et al., 1976) and in lagoonal successions (e.g. Di Bella et al., 2011). The local increase
in abundance and thickness of the sand intercalations is interpreted to reflect transition
to outer lagoonal/estuarine sub-environments. The sandy deposits with CU trend
(lithofacies ii), with poorly preserved fossil interpreted as transported from nearby
environments or reworked from older units, are interpreted as flood-tidal delta or

washover deposits.

4.7. Transgressive barrier facies association

4.7.1. Description

This facies association, < 4.5 m thick (Fig. 4), is made up of gray fine-medium to
coarse sand, with typical FU trend and a well recognizable erosional lower boundary. A
shell-rich layer (5-30 cm thick) at the base of the unit, includes shells and bioclasts of
marine bivalves and gastropods (i.e., Cardium, Venus, and Pecten), and forms a
laterally extensive stratigraphic marker across most of the study area. In relatively
proximal areas, this facies association is amalgamated with the overlying beach-ridge
facies association, whereas at seaward locations it is sharply capped by the mud-
prone, prodelta-offshore facies association.
This facies association shows a microfossil assemblage dominated by benthic
foraminifera. Low amounts of size-selected and locally poorly preserved specimens
(mainly Ammonia, Elphidium and Miliolacea) are observed in the lower part of this unit
and are locally replaced at the transition with the overlying shallow-marine facies
association by a well preserved assemblage dominated by Miliolacea, such as
Adelosina cliarensis (Heron-Allen and Earland, 1930), Adelosina elegans (Williamson,
1858), Quinqueloculina spp, Siphonaperta aspera ( d 6 Or bi g ny , Trildc@ir2a6 ) and
trigonula (Lamarck, 1804), in association with abundant Cribroelphidium and
Elphidium, mainly Cribroelphidium lidoense (Cushman, 1936), Elphidium crispum
(Linnaeus, 1758) and Elphidium macellum (Fichtel and Moll, 1798) and subordinate

Ammonia and Textularia species (Fig. 5C).
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Radiometric dating provides the age of 8.3-8.4 kyr cal BP, for this facies association.

4.7.2. Interpretation

The lithologic characteristics of this facies association and the peculiar fossil
assemblage indicate a high-energy littoral environment. The FU trend and microfossils
distribution are consistent with a deepening-upward tendency from an upper shoreface
sub-environment, with transported assemblages (poorly preserved foraminifera and
mollusk bioclasts), to a lower shoreface/offshore-transition, with well preserved and in
situ specimens. The remarkable concentration of selected Miliolacea (Adelosina
elegans, Adelosina cliarensis and Triloculina trigonula), is considered to reflect bottom
with vegetation cover (Sgarrella and Moncharmont Zei, 1993). The basal erosional
surface is thought to be the consequence of the wave ravinement that cut through
back-barrier deposits during the beach-barrier migration in response to rapid sea-level
rise (Nummedal and Swift, 1987; Storms et al., 2008). The shell-rich layer has been
interpreted as the transgressive lag marking the shoreface retreat during transgression
(Amorosi et al., 1999a, 2003, 2008).

4 .8. Shallow-marine facies association

4.8.1. Description

This facies association, up to 16 m thick, is continuously developed in the central
and northern parts of the study transect (Fig. 4), and consists of two main lithofacies.

Lithofacies (i) includes the rhythmical alternation of silty clay and mm to cm-thick
sand layers, with upward transition to massive and bioturbated soft grey clay. Sand
layers, up to a few dm thick, with sharp lower boundaries are locally present. The
microfossil assemblage (Fig. 5D) includes mainly benthic foraminifera, with high
amount of Cribroelphidium lidoense, Elphidium advenum (Cushman, 1922), Elphidium
macellum, Miliolacea and Textularia associated with a variety of other taxa, such as
Ammonia, Asterigerinata, Lagena and Rosalina. Within lithofacies (i) an upward
increase in Textularia, paralleled by a decrease in Ammonia, is commonly observed
(e.g. Amorosi et al., 1999b; Vaiani, 2010).

Lithofacies (i) is commonly overlain by lithofacies (ii): massive, bioturbated soft grey
clay, with abundant wood and plant remains (Fig 3i). Sand layers, mm to cm-thick, are
of very common occurrence, especially in the upper part of this facies association (Fig.
3j). Marine bivalves and gastropods, including Turritella communis (Risso, 1826),

Dentalium sp. and Murex (Amorosi et al., 2003) are concentrated at distinct
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stratigraphic levels (Fig. 3). Pocket penetrometer and cone tip resistance values are
invariably < 1 kg/cm? or MPa. Similar to lithofacies (i), the microfossil assemblage (Fig.
5E) includes mainly benthic foraminifera, though with a lower number of species, and is
dominated by Ammonia tepida and Ammonia parkinsoniana (with an increasing upward
trend), and subordinate Aubignyna perlucida (Heron-Allen and Earland, 1913),
Cribroelphidium spp., Elphidium spp., Nonionella turgida (Williamson, 1858), and
Quinqueloculina seminulum (Linnaeus, 1758).

Two radiocarbon dates from this facies association yielded ages of 4.4 and 3.5 kyr
cal BP.

4.8.2. Interpretation

From its lithologic character and the fossil content, this facies association is
interpreted to reflect a low-energy, shallow-marine depositional environment (Amorosi
et al., 1999a) with fluctuations in freshwater influence. Lithofacies (i) is interpreted to
have formed in offshore-transition to offshore depositional environments (Amorosi et
al., 2003), in which changes in lithofacies from clay/sand alternations to massive clay,
along with microfossil distribution (specifically for Textularia and Ammonia) are
consistent with progressively deeper marine conditions. Lithofacies (ii) is interpreted to
represent a prodelta depositional environment (Amorosi et al., 2008). The occurrence
of sand layers is considered to reflect fluvial flooding events. Benthic foraminifera are
characterized by remarkable amounts of species indicative of a shallow prodelta with
high organic matter (Van der Zwaan and Jorissen, 1991; Rossi and Horton, 2009); the
observed trend of Ammonia species is interpreted as an upward increase in freshwater

influence (Jorissen, 1988).

4.9. Beach-ridge/delta-front facies association

4.9.1. Description

This facies association, up to 19 m thick, forms a laterally extensive sedimentary
body, continuous across the entire cross-section (93 km), which forms low-relief ridges
that crop out in the modern coastal plain (Fig. 4). It consists of three vertically stacked
lithofacies: lithofacies (i) is made up of very fine to fine sand, rich in shell fragments
(Fig. 3h); lithofacies (ii) is mostly composed of medium to coarse sand, rich in bioclasts
(Fig. 3i); lithofacies (iii) consists of fine to medium sand, with scattered plant debris and
shell fragments. Thin intervals of lagoon facies association are intercalated with the
sands in the northern part of the study area (Fig. 4). The microfossils assemblage is

characterized by planktonic and benthic foraminifera, commonly abraded or broken.
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Planktonic taxa locally include Miocene and Pliocene species (Amorosi et al., 2004),
whereas benthic foraminifera show a variety of taxa, such as Adelosina, Ammonia,
Bolivina, Bulimina, Cassidulina, Cribroelphidium, Fissurina, Globocassidulina, Melonis
and Uvigerina (Fig. 5F).

Based on radiocarbon and archeological data (Ciabatti, 1967), this facies
association dates from the last 3,000 years.

4.9.2. Interpretation

This laterally continuous, outcropping sand body accumulated during the last 3,000
years in response to widespread progradation of wave-dominated delta systems and
adjacent strandplains. Lithology and sedimentological features testify to a high-energy
marine setting. The vertical stacking of lithofacies (i) to (iii) is interpreted to reflect the
overall shallowing-upward trend from lower shoreface (i) to upper shoreface (ii) and
foreshore/backshore (iii) sub-environments (Amorosi et al., 1999a, 2008). The fossil
assemblage, including a mixture of poorly preserved specimens from relatively deep
(Bolivina, Bulimina, Globocassidulina, Melonis, Uvigerina and planktonics) and shallow
(Ammonia, Cribroelphidium and Elphidium) marine environments, is considered

transported from nearby environments and reworked from older units.

5. Facies architecture

Accurate correlation of tens of high-resolution stratigraphic data along the modern
Adriatic coastline, between the Apenninic margin and the modern Po Delta, led to the
construction of the 93 km-long stratigraphic cross-section shown in Fig. 4. The large
density of stratigraphic information allowed extremely detailed along-strike
documentation of the transgressive-regressive Holocene wedge described at length by
previous work (Amorosi and Milli, 2001; Amorosi et al., 1999a, 2003, 2005; Rizzini,
1974; Stefani and Vincenzi, 2005). All those stratigraphic studies documented along-
dip, T-R wedge-shaped geometry and facies distribution, but none took into account its
transversal and regional extent, as shown in Fig. 4.

The Late Pleistocene sedimentary succession, between about 45 and 12.5 kyr BP,
consists entirely of alluvial sediments: pedogenized floodplain muds, laterally
associated with 5-10 m thick, fluvial sand bodies represent the dominant feature in the
southern part of the transect (Fig. 4). In contrast, a laterally extensive, 20 m-thick
channel-belt sand body, with high degree of channel clustering, is clearly identified in
the north, beneath the modern Po River (Fig. 4). Levee and crevasse facies are

strongly subordinate.
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Three prominent, weakly-developed paleosols were recognized at the southern
margin of the study area (Fig. 5). The lower paleosol, younger than 34 kyr BP (core
256 S6 in Fig. 4), occurs at ca. 30 m depth. Based on radiocarbon dates from the
adjacent fluvial sands, this paleosol might be genetically-related to the erosional-based
fluvial bodies (Fig. 4).

Another pedogenized horizon, dated to ca. 18.5-16 kyr BP (cores 241 S1 and 205
S4 in Fig. 4) was identified about 4 meters above, in the southern sector of the study
area, where it can be continuously tracked for ca. 3 km. Stratigraphic and geometric
relationships suggest high traceability of this paleosol into horizontally aligned tops of
the amalgamated fluvial sands, across large parts of the transect. At the southernmost
tip of the cross-section, the 18.5-16 kyr BP paleosol is overlain by well-drained
floodplain deposits (ca. 5 m thick) with thin (< 1 m) poorly-drained floodplain deposits,
with local development of brackish conditions (cores 240 S8 and S6).

The abrupt vertical transition from the Late Pleistocene alluvial succession to
overlying coastal deposits of Holocene age is physically highlighted by a continuous
and laterally traceable paleosol (5-6 km), dated around 12.5-10 kyr BP (Fig. 4). Pollen
data from this pedogenized horizon clearly show high values in Pinus spectra (Amorosi
et al., 2004). This paleosol shows high lateral traceability, especially in the
southernmost portion of the cross-section (Fig. 4), whereas it is lacking to the north,
between cores 187-S6 and 187-S4. In the central sector, it lies just a few decimeters
above the top of the Late Pleistocene fluvial-channel bodies. In this part of the cross-
section, the paleosol is more discontinuous and locally replaced by lens-shaped poorly-
drained floodplain deposits.

The coastal succession of Holocene age exhibits gradual transition from poorly-
drained floodplain deposits to organic-rich, paludal clays (10.9-9.2 kyr cal BP), up to
lagoonal deposits (ca. 9 kyr cal BP). These back-barrier sediments, between core 223
S1 and 187 S4, are overlain by thin, transgressive barrier sands (ca. 8.4 kyr cal BP),
which in turn are replaced upsection by a thick succession of laterally extensive
offshore/prodelta muds (4.4-3.5 kyr cal BP). In the southernmost part of the study
transect, where the cross-section typically develops an along-dip component, shallow-
marine deposits are replaced landwards by nearshore and lagoonal deposits dated ca.
at 8 kyr cal BP. The laterally extensive (> 90 km) and thick (ca. 10 m) sand sheet that
caps the entire succession includes beach ridges and delta front facies associations
(ca. 2 kyr BP to Present). These marine sands, which are locally outcropping, along
with modern coastal lakes, ponds and floodplain/delta plain deposits form the modern

coastal plain.
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Fig. 4 - Stratigraphic architecture beneath the modern Adriatic coastal plain along a 93 km-long cross-section. For section trace, see Fig. 1.

66



Fig. 5 - Microfossil assemblages of selected facies associations. A: swamp, core 187-S1, -30.50 m core depth; B:
lagoon, core 240-S8, -17.90 m core depth; C: transgressive barrier, core 187-S4, -24.50 m core depth; D: shallow
marine (offshore-transition), core 223-S17, -23.60 m core depth; E: shallow marine (prodelta), core 205-S9, -22.05 m
core depth; F: beach ridge, core 256-S6, -6.80mcor e dept h. Bar: 200 &m

6. Paleoenvironmental evolution
The chronologically well constrained stratigraphic framework along a ca. 100 km-

long cross-section provides the basis for depicting the paleoenvironmental evolution of

the entire Po coastal plain during the last 45 kyr. Previous stratigraphic interpretations
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(Amorosi et al., 1999a, 1999b, 2003, 2005; Stefani and Vincenzi, 2005) may thus be
refined in the light of a basin-scale view. Integrated microfossil analysis provides
additional, valuable information for accurate paleoenvironmental reconstruction.

The presence of weakly developed paleosols in the southern part of the study area
(Fig. 4), close to the Apenninic chain, has strong similarities with recent findings from
the southern basin margin, where two major paleosols, related to the MIS 3-MIS 2
transition and the Younger Dryas cold event, respectively, were identified and mapped
for tens of km (Amorosi et al., 2015a, 2015b, 2014). Between MIS 3 and MIS 2 (ca.
29.8 kyr cal BP), sea level dropped down to -120 m, and the Po Plain extended 300 km
to SE across the north-Adriatic shelf (Maselli et al., 2014). This period was marked by
climatic deterioration toward colder and drier conditions, with fluvial incision and
consequent subaerial exposure of the interfluves and soil development (Amorosi et al.,
2015b, 2014).

The age of the lower paleosol (younger than 34 cal kyr BP, but older than 18 cal kyr
BP), along with radiocarbon dates from the adjacent, fluvial channel-belt sand bodies,
which constrain fluvial activity between about 30-23 cal kyr BP (Fig. 4), suggest a
possible linkage between pedogenesis and contemporary river incision at the onset of
the Last Glacial Maximum (MIS 3-MIS 2 transition). Low accommodation under sea-
level lowstand conditions (Fairbanks, 1989; Paltier and Fairbanks, 2006) and high
sediment supply during a fully glacial period (Fontana et al., 2014) favored lateral
channel migration and deposition of a laterally extensive fluvial body (Fig. 4).

When sea-level started to rise, ca. 19 kyr BP (Cattaneo and Trincardi, 1999; Clark et
al., 2004), in response to meltwater pulses (MWP) 1A and 1B (Pellegrini et al., 2015;
Storms et al., 2008), the Adriatic shelf was progressively drowned. MWP-1A (14.4-14
kyr cal BP) produced a considerable sea-level rise of ca. 20 m. However, the coastline
remained hundreds of kilometers far from the study area (Amorosi et al., 2015b) which
experienced sedimentation in an entirely alluvial environment, with scattered poorly-
drained floodplain deposits and even brackish sedimentation in topographic
depressions (core 240-S8). Soil development still took place on the interfluves (18.5-16
kyr cal BP paleosol of Fig. 4).

The establishment of colder and drier climatic conditions during the Younger Dryas
event (Amorosi et al., 2004; Lehman et al., 1992) caused a new phase of river erosion
and pronounced, albeit short-lived subaerial exposure in the interfluves. Under these
conditions the YD paleosol was formed (12.5-10 kyr BP, gray line in Fig. 4; see also
Amorosi et al., 2015a, 2015b, 2014,).

Climate ultimately turned warmer at the end of the YD period (Taylor et al., 1997)

and the rapid sea-level rise that followed during the Holocene (MWP-1B -11.5-11.2 kyr
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BP) produced a generalized drowning of the whole study area, including the interfluves:
rapidly, poorly-drained and swampy environments back-stepped above the older,
Pleistocene alluvial deposits (Fig. 4). Sea level continued to rise (9.4 and 7.6 kyr BP),
and a beach-barrier-lagoon-estuary system migrated landward, leading to the
establishment of shallow-marine conditions.

After sea-level reached its maximum, deltaic and coastal systems started to
prograde due to increased sediment supply from the feeding distributary channels. In
an along-strike transect, coastal progradation is revealed by the diagnostic shallowing-
upward trend of the depositional facies. Progradation led to deposition of delta front
sand onto prodelta clay. Superposed wave activity produced laterally extensive beach
ridges, elongated parallel to the shoreline, which formed typically wave-dominated
deltas (Amorosi and Milli, 2001). Fluvial avulsions on a centennial scale caused
frequent delta lobe switching: under the effect of the ongoing subsidence, abandoned
delta lobes were progressively drowned, leading to the establishment of marsh and

coastal lakes that form the modern coastal plain.

7. Sequence Stratigraphy

The high-resolution stratigraphic framework depicted in the previous sections
enables the sequence stratigraphic interpretation of the Late Pleistocene-Holocene

succession of the Po coastal plain (Fig. 6).

7.1. Sequence Boundary

We tentatively place the sequence boundary (SB, Fig. 6) in coincidence of the major
paleosol in the area. This paleosol can be interpreted as the class i ¢ Ainterfl uv
sequence boundaryo (Plint et al., 2001; Van Wa
regional stratigraphic marker (Demko et al., 2004). This pedogenized horizon is
associated to the abrupt sea-level fall and climate change that took place at the onset
of the Last Glacial Maximum (MIS 3-MIS 2 transition), and that produced fluvial
channel downcutting and soil development on the interfluves (see Amorosi et al.
2015a, 2015b, 2014). The coeval, amalgamated channel-belt sand bodies are
interpreted as the lowstand systems tract (LST, Fig. 6), while the underlying (pre-LGM)

deposits form the forced regressive systems tract (FSST).
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7.2. Transgressive Surface

The concept of transgressive surface (TS) is still debated among the scientific
community, and several authors have offered different terms and definitions
(Catuneanu, 2 0 GvBeYimum Reagressive tSirfaceoi ( Cat uneanu, 200
Catuneanu et al., 2011; Embry, 2002; Embry et al., 2007; Helland-Hansen and
Gjelberg, 1994; Hellen-Hansen and Martinsen, 1996), which marks the change in
shoreline trajectory from lowstand normal regression to transgression; to the
ifr ansgr es s i wfePos&mentiér aandeMail, (1988) and Van Wagoner et al.
(1988); the firop of Lowstand Surfaced6 o f Vai |1); tte Inidal TransgrésSivg
Sur f a@adeoNummedal et Ebnf drim@a®Bl)e Trhaensipfr essi ve
Embry (1993, 1995); the iMaximum Progradation Su r f aotEeéry and Myers (1996);
up to the recent concept developed by Neal and Abreu (2009), which identified the TS
as the boundary between progradation to aggradation (LST) and retrogradation (TST).

Based on the age of the transgressive surface recognized in the offshore part of the
Po-Adriatic system (Amorosi et al., 2015b), the TS along the study transect might
coincide with the weakly developed paleosol (18.5-16 kyr cal BP) that marks the major
phase of channel abandonment in Fig. 4, and that is overlain by a thin succession of
continental deposits. This paleosol, which shares strong similarities with the
transgressive surface of Tanabe et al. (2015), a hiatal surface at the base of an
aggradational retrograding meandering system,
surface i n nonmar MaximumsRegressivan Yudage obHellen-Harsen
and Martinsen (1996). In the Po coastal plain, the 18.5-16 kyr paleosol most likely
records the very last episode of subaerial exposure on the interfluves (depositional
hiatus) before the onset of renewed fluvial sedimentation. Rapid-sea level rise probably
modified the equilibrium profile of rivers throughout the Po Basin, which in turn
triggered drainage system reorganization (Blum and Tornqgvist, 2000) in the study area.
As discussed by Amorosi et al. (2015b), an alternative position for the TS is above the
prominent Younger Dryas paleosol, at the sharp facies contrast from well-drained
floodplain deposits to paludal and estuarine deposits.

During the early phases of sea-level rise, additional accommodation space was
created in the Po Basin, enhanced by high subsidence rates (ca. 1 mm/yr). Abundant
glacial sediment was delivered because of the ice-decay, producing high aggradation
rates (Bruno et al., 2016; Fontana et al., 2014). Under these conditions, rivers began to
avulse significantly (Blum et al., 2013), depositing new sediment above the
pedogenized interfluves (SB). As a result, fluvial-channel architecture changed from

amalgamated (low accommodation during lowstand conditions) to increasingly more
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isolated sand bodies (higher-accommodation starting from early transgression). Once
sea-level approached the Po coastal plain (ca. 10 kyr BP, post-YD), the study area was
drowned (late transgression).

As a result of sea-level rise, the transgressive systems tract (TST, Fig. 6) shows the
typical deepening-upward tendency from basal alluvial deposits to overlying coastal
and marine sediments. The Younger Dryas (YD) unconformity, corresponding to the
highly-continuous paleosol dated 12.5-10 kyr BP, allows subdivision of the TST into
lower TST (pre-YD) and upper TST (post-YD) (see Cattaneo and Trincardi, 1999 for
the offshore portion of the system). Lower TST deposits display average thickness of
2.5 m in the north, and maximum thickness (ca. 5 m) in the south, close to the
Apennine margin; on the other hand, these deposits are scarcely represented in the
central sector (interfluve), and generally less than 1 m thick. The upper TST (ca. 6 m
thick), instead, is continuous along the entire section, with no significant thickness

changes along strike.

7.3. Maximum Flooding Surface

The maximum flooding surface (MFS, Fig. 6) marks the transition from a
retrogradational (TST) to a progradational (HST) stacking pattern of facies (Van
Wagoner et al., 1988), and corresponds to the end of transgression.

In the study area, given the along-strike orientation of the cross-section, the MFS
has relatively flat geometry. This surface lies within a lithologically homogeneous, mud-
prone succession, with poor physical expression. In the study area, it was tracked on
the basis of paleontological (micro- and macrofossils) depth indicators, at the
turnaround from a deepening-upward to shallowing-upward trend (Amorosi et al., 2003,
2004; Geological Map of Italy at 1:50,000 scale, Sheet 187). Close to the Apenninic
margin, the maximum flooding surface occurs within coastal deposits, and is dated
around 6.6 kyr cal BP (Fig. 6). At seaward locations (223-S17), this surface seems to
be slightly younger (4.4 cal kyr BP) because of the distinct stratigraphic condensation
effect at the transition between offshore and prodelta clay deposits. The highstand
systems tract (HST) has homogeneous thickness across most of the study section, and

thins to the north, with decreasing distance from the Apenninic margin (Fig. 6).
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Fig. 6 - Sequence-stratigraphic interpretation of the stratigraphic panel shown in Fig. 4.

8. Conclusions

The construction of a > 90 km-long stratigraphic cross-section, transversal to the
present Adriatic coastline, allowed, for the first time, to characterize the along-strike
stratigraphy of the late Quaternary (last 45 kyr) coastal succession in the Po Plain.

Integrated sedimentological and micropaleontological analyses, coupled by
radiocarbon dating, enabled the construction of a high-resolution stratigraphic
framework. The results of this study led to refine previous stratigraphic interpretations,
casting new light on the geometry of the Late Pleistocene alluvial deposits and the
overlying transgressive-regressive (T-R) coastal wedge.

The Late Pleistocene sedimentary succession (ca. 45-12.5 kyr cal BP) consists
almost entirely of well-drained floodplain deposits. At the southern margin of the study
area, three prominent, weakly-developed paleosols were identified: (i) the lower
paleosol (< 34 kyr BP), continuously tracked for more than 5 km, is genetically related
to erosional-based fluvial bodies; (ii) another paleosol (18.5-16 kyr BP), which can be
continuously followed for ca. 3 km, is locally traceable into the top of amalgamated
fluvial sands; (iii) the upper paleosol (12.5-10 kyr BP), assigned to the Younger Dryas,
is tracked discontinuously through a large part of the transect. This paleosol marks the
abrupt transition from Late Pleistocene alluvial sediments to the overlying Holocene
succession.

The lower part of the Holocene succession is characterized by the gradual transition
from poorly-drained floodplain deposits to organic-rich, paludal clays (10.9-9.2 kyr cal
BP), up to lagoonal sediments (ca. 9 kyr BP). These back-barrier deposits are replaced
up-section by thin, transgressive sands (ca. 8.4 kyr BP), which in turn are overlain by a
thick succession of laterally extensive offshore/prodelta muds (4.4-3.5 kyr cal BP). In
the southern part of the study transect, shallow-marine deposits are in lateral transition
with nearshore and lagoonal deposits, reflecting a local, along-dip component of the

cross-section. The whole sedimentary succession is capped by a laterally extensive (>
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90 km), 10 m-thick sand sheet, composed of beach-ridge and delta-front deposits (ca.
2 kyr BP to Present).

In terms of sequence stratigraphy, the lower paleosol is interpreted as the sequence
boundary (SB). Radiocarbon ages suggest a possible link between pedogenesis and
the abrupt sea-level fall/climate change (onset of LGM) that took place at the MIS 3-
MIS 2 transition, and that produced river incision and soil development on the
interfluves. The coeval amalgamated channel-belts (lowstand systems tract, LST)
accumulated during the LGM when the shoreline was located 300 km to the south. The
underlying (pre-LGM) alluvial deposits represent the forced regressive systems tract
(FSST).

The transgressive surface (TS) marks a major phase of channel abandonment, and
coincides with a weakly-developed paleosol dated at 18.5-16 kyr BP. Most likely this
paleosol records the very last episode of subaerial exposure on the interfluves before
sea-level rise induced the dramatic reorganization of the drainage system. The
progressive drowning of the lowstand, north Adriatic alluvial plain is reflected by the
typical deepening-upward tendency observed in the transgressive systems tract (TST),
from alluvial to shallow-marine deposits. The YD paleosol allows TST subdivision into
lower TST (pre-YD) and upper TST (post-YD). The early (Late Pleistocene) stages of
transgression saw the onset of poorly-drained floodplain conditions along vast portions
of the study area. Following deglaciation, the sea invaded the alluvial plain during the
Holocene, and the upper TST consists of vertically stacked, coastal to shallow-marine
deposits.

The Maximum Flooding Surface (MFS), dated at ca. 6.6 kyr cal BP at proximal
locations, is placed at the turnaround from deepening-upward to shallowing-upward
trends, and marks the generalized progradation of deltaic and coastal depositional
systems. Based on the very high lateral continuity (> 90 km) of the late Holocene
beach-ridge systems, we provide evidence for a wave-dominated (arcuate) delta

morphology, with lateral transition to prograding strandplains.
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Abstract

High-resolution investigation of a ~120 km-long transect along the course of the
modern Po River revealed marked changes in alluvial architecture across the
Pleistocene-Holocene boundary. Along the whole transect, a 20-30 m thick, sheet-like
succession of Late Pleistocene fluvial sands is invariably overlain by silt and clay
deposits, with isolated fluvial bodies of Holocene age (< 9.4 cal ka BP). The Holocene
succession displays consistent downstream changes in facies architecture: well-
drained floodplain deposits are replaced at distal locations by increasingly organic,
poorly-drained floodplain to swamp facies associations. Thick paludal facies extend
continuously up to 60 km landward of the Holocene maximum marine ingression, about
90 km from the modern shoreline. Based on 28 radiocarbon dates, the abrupt change
in lithofacies and channel stacking pattern occurred at the transition from the last
glacial period to the present interglacial, under conditions of rapid sea-level rise. The
architectural change from amalgamated, Late Pleistocene sand bodies to overlying,
mud-dominated Holocene units represent an example of chronologically well-
constrained fluvial response to combined climate and relative sea-level change. The
overall aggradational stacking pattern of individual channel-belt sand bodies indicates
that high subsidence rates continuously created accommodation in the Po Basin, even

during phases of falling sea level and lowstand.

Keywords: alluvial architecture, climate change, sea-level Vvariations,

accommaodation, Po Plain, Quaternary
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1. Introduction

Subsurface investigation of alluvial and coastal plains is critical to a number of
applications, including exploitation of natural resources, planning of new infrastructures
and overall land-use management. In the past decades, alluvial deposits have been
extensively studied to highlight the response of fluvial systems to base-level variations
(Shanley and McCabe 1991, 1993; Schumm, 1993; Holbrook et al., 2006), and more
specifically to climate and sea-level changes (Shanley and McCabe, 1994; Smith,
1994; Legarreta and Uliana, 1998; Blum and Price, 1998; Amorosi et al., 1999a, 2003;
Blum and Tdrngvist, 2000; Térnqgvist et al., 2000, 2003; Goodbred, 2003; Busschers et
al., 2007; Rittenour et al., 2007; Macklin et al., 2012; Shen et. al, 2012; Blum et al.,
2013; Starkel et al., 2015).

Strict relationships between climate change, sea-level fluctuations and alluvial
stratigraphic architecture have been assessed for several late Quaternary successions,
for which well-constrained chronological framework is available. Many of these studies
have documented that dramatic changes in depositional style, fluvial channel
geometries and stacking patterns commonly occur at the transition from glacial to
interglacial periods (Aslan and Blum, 1999; Amorosi and Milli, 2001; Amorosi et al.,
2008; Ishihara et al., 2012; Blum at al., 2013; Tanabe et al., 2015). Late Pleistocene
strata from the Colorado River area have revealed that glacial-related units consist of
amalgamated channel-belt sands with subordinate overbank deposits, whereas the
overlying Holocene interglacial succession is made up mostly of silts and clays, with
isolated sand bodies (Blum, 1993; Blum and Valastro, 1994; Blum et al., 1994; Blum
and Torngvist, 2000). A similar stratigraphic motif was reported from the Lower
Mississippi Valley (Autin et al., 1991; Aslan and Autin, 1999; Rittenour et al., 2007),
and beneath the Trinity and Brazos coastal plains (Blum and Aslan, 2006; Blum and
Womack, 2009). In South America, a comparable stratigraphic framework was
illustrated for the Rio de la Plata, Parana and Uruguay rivers (Violante and Parker,
2004), while it was documented in Asia for the Yangtze River (Hori et al., 2002; Wellner
and Bartek, 2003), the Qiantangjang River (Zhang and Li, 1996; Li et al., 2012), the
Gulf of Thailand (Reijestein et al., 2011), the Mekong River (Ta et al., 2005), the Red
River (Tanabe et al., 2006), Tonegawa and Arakawa rivers (Ishihara et al., 2012), and
the Tokyo Lowland (Tanabe et al., 2008, 2015). In Europe, amalgamated coarse-
grained sand bodies overlain by fine-grained estuarine-alluvial deposits have been
reported from the Loire River (Blum and Tdrngvist, 2000; Straffin et al, 2000), the
Gironde estuary (Allen and Posamentier, 1992), the Rhine-Meuse system (Tdrngvist et
al., 2003; Busschers et al., 2005), the Tagus River (Vis et al., 2008), the Ebro River
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(Somoza et al., 1998) the Po River (Amorosi and Colalongo 2005; Stefani and
Vincenzi, 2005; Amorosi et al., 2008; Bruno et al., 2016) the Tiber River Delta (Milli et
al., 2013) and the Roma Basin (Milli, 1997; Milli et al., 2008; Mancini et al., 2013).

In general, few studies have focused on the role of allogenic forcing factors (i.e.
climate, sea-l e v e | changes) in shaping stratigraphy
upstream alluvial valleys sensu Gibling et al., 2011). At this location, where marine
influence is poor due to the distance from the shoreline (backwater length effect), the
role played by sea-level oscillations is debated (Paola and Mohrig, 1996; Blum and
Torngvist, 2000). On the other hand, as pointed out by Li et al. (2006) and Blum et al.
(2013), backwater conditions can significantly extend upstream from any other indicator
of contemporaneous marine conditions, and the effects of sea-level change may
propagate inland for hundreds of kilometers from the present shoreline (ca. 600 km for
the Lower Mississippi Valley - Shen et al., 2012).

In the Po Plain (northern Italy), numerous studies focused on the late Quaternary
stratigraphic architecture of the coastal area showed the vertical stacking of
transgressive-regressive (T-R) cycles (Amorosi et al.,, 2004). Based on pollen data,
these T-R cycles were traced landwards, into the alluvial system, as distinct cyclic
changes in lithofacies and channel stacking patterns (Amorosi et al., 2004, 2008).
However, high-resolution stratigraphy and detailed facies analysis of fluvial deposits
have never been performed. Through a ca. 120 km-long transect, transversal to the
coastline and coincident with the middle reaches of the modern Po River (Fig. 1), this
study aims at depicting for the first time the late Quaternary stratigraphy of a fluvial-
dominated section, from the Last Glacial Maximum to the Present. Based on 28
radiocarbon dates, we focus on the contrasting stratigraphic architecture of Late
Pleistocene and Holocene deposits, and try to establish the link between facies
architecture, changing sea-level (lowstand vs highstand), climate (glacial vs interglacial

conditions) and sedimentation rates.
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Fig. 1 - Study area, with location of Cores 1, 2 and 3 (Fig. 3) and of the two transects in Fig. 5.
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2. Geological setting

The Po Plain, one of the largest alluvial plains in Europe, represents the
morphologic expression of the Po River basin. This rapidly subsiding foreland basin,
delimited to the north by the Alpine chain and to the south by the Apennines, originated
in response to the collision between the Adria microplate and the European Plate
(Ghielmi et al., 2013). Since the early formation of the Apenninic fold-and-thrust belt, in
the Late Oligocene, the evolution of the Po Basin was strongly driven by tectonics
(Pieri and Groppi, 1981; Dondi and D6 AN
Doglioni 2012). Tectonic subsidence in the Po Plain is on the order of ca. 1 mm/a
(Carminati et al.,, 2005), and the thickness of the Pliocene-Quaternary succession
attains 8 km in the depocenters (Ori et al., 1986; Doglioni, 1993; Mazzoli et al., 2006).

The large-scale stratigraphic architecture of the Po Basin has been reconstructed on
the basis of integrated seismic and well log data, which led to the identification of six
unconformity-bounded stratigraphic units or UBSU (Regione Emilia-Romagna and Eni-
Agip, 1998; Regione Lombardia and Eni-Divisione Agip, 2002). Each unconformity
marks a phase of dramatic basin reorganization due to intense tectonic activity. The
uppermost UBSU (Emilia-Romagna Supersynthem of Regione Emilia-Romagna and
Eni-Agip, 1998), consists of Middle-Late Pleistocene and Holocene deposits, and
exhibits maximum thickness of 800 m. The lower boundary of this unit is a major
unconformity dated at 870 ka on the basis of magnetostratigraphic data (Muttoni et al.,
2003). The Emilia-Romagna Supersynthem is subdivided into a series of transgressive
regressive (T-R) sequences (Fig. 2) showing evidence of Milankovitch-scale (~100 ka)
ciclicity. In the coastal sector, littoral and shallow-marine deposits have been linked
genetically to interglacial periods on the basis of long-core pollen profiles (Amorosi et
al., 1999b; 2004). On the other hand, widespread development of alluvial environments
was associated with return to glacial condition. Landward of the maximum marine
ingression, in the central Po Plain (Po channel belt area in Fig. 2) each T-R sequence
consists of basal overbank muds, with lenticular fluvial-channel sand bodies, overlain
by high net-to-gross, amalgamated fluvial-channel deposits (Amorosi et al., 2008).
These latter cover hundreds of square kilometers and show high degree of channel
clustering. Pollen characterization, and more specifically the imprint of thermophilous
forest expansion within the basal overbank fines, has suggested that the major phases
of channel abandonment and floodplain aggradation in the Central Po Plain took place
under rapid sea-level rise (Amorosi et al., 2008). The laterally extensive channel belt
sand bodies have been interpreted as braided river deposits testifying periods of high

sediment supply (and relatively low accommodation) during lowstand and possibly
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early-transgressive phases. Other studies correlating grain size distribution to the 'O
curve support this interpretation (Vittori and Ventura, 1995).

PO PLAIN
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Fig. 21 Schematic cross section through the Po Basin, showing the linkage between coastal and alluvial deposits.
The red lines are transgressive surfaces dividing the Upper Po Supersynthem into T-R cycles. The red rectangle
approximately highlights the study area. Modified from Amorosi et al., 2014.

3. Methods

In this work, we used the stratigraphic datasets of Emilia-Romagna and Lombardy
Geological Surveys. Both datasets include sedimentological, geophysical,
hydrogeological and geotechnical data, acquired over time in disparate formats. More
specifically, we used stratigraphic information from:

high-quality sedimentological descriptions of continuously-cored boreholes (30-50 m
deep). These data offer detailed lithologic information, including color, accessory
materials (roots, wood and plant fragments, carbonate nodules, fossils), pedogenic
features, pocket penetrometer and torvane test values, radiocarbon dates. We used
these data as supporting tools for facies interpretation.

Water wells (30-150 m deep), which provide poor-quality stratigraphic descriptions,
mostly restricted to basic grain-size (clay/sand) information. These data were utilized to
identify the upper and lower boundaries of thick fluvial-channel sand bodies.

Cone penetration tests (CPT, < 15 m deep) and piezocone tests (CPTU, < 35 m
deep). These data are commonly utilized for geotechnical investigations, but recent

studies on late Quaternary deposits have proved that cone penetration tests can also
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be efficiently employed for facies characterization and subsurface stratigraphic
correlations (Amorosi and Marchi, 1999; Styllas, 2014; Amorosi et al., 2015).
The above data were calibrated using three freshly drilled continuous cores along
the transect (Figs. 1 and 3), namely fACore 10
30 (50 m).
A total of 56 continuous cores, 44 CPTU-CPT tests and 101 water wells were
selected along a 123-km long and 50-m thick cross-section roughly parallel to the Po

River, between Poviglio and Ferrara (Fig. 1).
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Fig. 3 - Facies interpretation and pocket penetration (Pp) values of reference cores 1-3 (see Fig. 1, for location).

Fourteen new radiocarbon dates, along with 14 published dates (Geological Map of
Italy 1:50,000 scale i Sheet 182; Pavesi, 2009; Table 1) were used to validate our
stratigraphic correlation scheme. Samples fron
Laboratory of lon Beam Physics (ETH, Zurich, Switzerland). The C dates were
calibrated using Oxcal 4.2 (Ramsey, 2009) with the Intcall3 calibration curve (Reimer
et al., 2013).
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Table 171 List of radiocarbon dated samples.

Core Depth in Conventional Cal i brated Calibrated age q Dated Laborator Reference
core (m) e age (ka BP) range (ka BP) mean (ka BP) material y
165S0P503 202 8.240+50 9.402-9.032 9.210 +90 organic clay ENEAR(:I;)'Ogna’ This paper
166SEP501 16,9 3.850+50 4.417-4.100 4.270 +85 organic clay ENEAR(::;)'OQ"B" This paper
166SEP501 24 8.330+50 9.473-9.142 9.350 +75 organic clay ENEAR(::;)'OQ"B" This paper
185010P501 203 5.980+50 6.943-6.679 6.820 +65 organic clay ENEAIt(:;)'Ogna’ This paper
185010P501 232 7.260+50 8.175-7.980 8.085 +55 organic clay ENEAIt(:;)'Ogna’ This paper
185020P501 19,8 1.60050 1.606-1.382 1.485 +60 wood ENEAR(:I;)'Ogna’ This paper
185020P501 22,9 7.290+50 8.190-8.000 8.100 +55 organic clay ENEAR(::;)'OQ"B" This paper
185070P507 6,3 1.240+50 1.283-1.060 1.180 +65 organic clay ENEAR(::;)'OQ"B" This paper
185070P507 12,44 7.030+80 7.982-7.690 7.860 +80 organic clay ENEAIt(:;)'Ogna’ This paper
185120P505 56 3.015+45 3.347-3.072 3.210 +75 organic clay ENEAIt(:;)'Ogna’ This paper
185120P505 11,6 6.360+50 7.419-7.175 7.300 +60 organic clay ENEAR(:;)'OQ”E" This paper
X ETH (Zurich, X
Core 3 12,2 3.180+30 3.456-3.356 3.405 +30 organic clay Switzerland) This paper
Core 3 324 409154550 45.451-43.417 44.455 +515 | organic clay ETH (zurich, This paper
Switzerland)
. ETH (Zurich, .
+ - +
Core 1 23,6 22.695+75 27.326-26.697 27.070 +160 organic clay Swiitzerland) This paper
182080P501 103 4.930£80 5.896-5.485 5.680 +95 organic soil | ENEA (Bologna, Pavesi,
Italy) 2009
182080P501 19,5 15.450+130 18.967-18.429 18.715 +130 wood ENEA (Bologna, Pavesi,
Italy) 2008
182080P501 34,7 27.300£600 32.961-30.371 31.380 +640 wood ENEA (Bologna, Pavesi,
Italy) 2009
182080P501 45 >45.000 >45.000 no cal. . N organic soil | ENEA (Bologna, pavesi,
Italy) 2009
. ENEA (Bologna, Pavesi,
182110P501 9 8.420+150 9.732.9.012 9.395 +180 | organic clay \aly) o008
182110P501 19,8 16.250+230 20.169-19020 19.620 £290 wood ENEA (Bologna, Pavesi,
Italy) 2009
182110P501 22,8 17.550£280 21.496-20.511 21.230 370 wood ENEA (Bologna, Pavesi,
Italy) 2009
182110P501 23 22.100+330 27.168-25.806 26.400 +360 | organicclay | TVEA (Bologna, Pavesi,
Italy) 2009
182110P501 329 399004650 44.803-42.640 43.630 +560 peat ENEA (Bologna, Pavesi,
Italy) 2009
Geological
182110P502 33,1 40.300+550 44.937-42.998 43.920 +500 peat ENEA (Bologna, Map of
Italy) Italy i
Sheet 182
Geological
182110P503 11,1 15.450+130 18.967-18.429 18.715 +130 organic soil | ENEA (Bologna, Map of
Italy) Italy i
Sheet 182
Geological
182 11 133 13.150+180 16.268-15.240 15.770 +270 organic soil | ENEA (Bologna, Map of
Italy) Italy i
Sheet 182
Geological
182 S11 16 14.550+120 18.017-17.425 17.725 +150 organic soil | ENEA (Bologna, Map of
Italy) Italy i
Sheet 182
183050P503 455 >45.000 >45.000 1o cal. - - wood ENEA (Bologna, Pavesi,
Italy) 2009

4. Facies analysis

A total of five non-marine facies associations (Table 2) were identified in core and

correlated across the transect. They are described from high-energy to low-energy

deposits.
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Fig. 4 - Representative photographs of facies associations identified in cores 1-3. a - Medium to coarse fluvial-
channel sands (Fl ch); b - coarsening upward trend within a crevasse splay deposit (Cr sp); ¢ - silty sand-mud
alternations within a levee deposit (Lv); d - mottled floodplain silty clays(Fp); e - pedogenized floodplain clays with
distinctive A (organic-rich) and Bk (calcic) horizons; f - massive poorly drained-floodplain clays (Pdf); g i organic-rich,
swamp clay (Sw) .

4.1. Fluvial-channel facies association

4.1.1. Description

This facies association is made up of grey, fine to very-coarse sand (Fig. 4a).
Individual sand bodies, ca. 10 m thick, are characterized by erosional lower boundaries
and overall fining-upward (FU) tendency. Grain size changes are highlighted by the
cone penetration (CPT and CPTU) profiles, which show distinctive upward decrease in
tip-resistance values. The upper boundary to the overlying mud is either sharp or
transitional, and organic-rich layers or peats commonly cap the FU succession.
Pebbles and gravels are locally concentrated at the base of the sand bodies. Clays and
silty clays are strongly subordinate. Commonly, sand bodies are vertically
amalgamated into thicker multy-storey bodies (> 50 m), including repeated FU
sequences. Wood fragments, up to 15 cm long, and clayey, organic-enriched intervals
are locally encased in the sands. No fossils were recognized within this facies
association. Piezocone tests display low/negative pore pressure values and tip-

resistance (Qc) > 5 MPa.
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