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1. INTRODUCTION

During the last decades, the scientific community has developed a great interest towards alluvial
and coastal depositional systems and the way they respond to climate and eustatic changes, with the
aim of developing models able to predict the sedimentary response of depositional environments to
future climate change (Demarest and Kraft, 1987; Nummedal and Swift, 1987; Saito, 1994; Morton
and Suter, 1996; Marcucci, 2000; Bender et al., 2005). The temporal resolution of the ancient record
is, however, insufficiently resolved to fully explain the complex relationship that are established
under changing sea-level and climate conditions.
Late Quaternary successions provide a fundamental basis for high-resolution sequencestatigraphic analysis, for a number of reasons: eustatic fluctuations for the Late PleistoceneHolocene period are well established; the influence of other factors on sedimentation is more easily
detected than in older successions; a generally scarce degree of tectonic deformation is associated
with Quaternary deposits; and radiocarbon dating, although restricted to the last 40-45 ky, may
enable the creation of a reliable chronostratigraphic framework.
The Po Plain, a 46,000 km2 alluvial plain of northern Italy, represents a promising area for this
kind of studies, as it has been extensively studied during the last 20 years for hydrocarbon and water
research (AGIP Mineraria, 1959; AGIP, 1977; Aquater-ENEL, 1981), structural studies (Pieri and
Groppi, 1975; Ori, 1993; Regione Emilia-Romagna and ENI-AGIP, 1998; Amorosi et al., 1999;
Regione Lombardia and ENI Divisione AGIP, 2002; Amorosi, 2008), and for stratigraphic and
sedimentological analysis (Amorosi et al., 1996; 1999; 2003; 2008a; 2008b; Amorosi and
Colalongo, 2005).
The integration of seismic profiles and cored boreholes, with geochemical (Amorosi, 2012),
mineralogical (Amorosi et al., 2002), petrographic (Marchesini et al., 2000), paleontological
(Amorosi et al., 1999; 2003; 2004; Fiorini, 2004), and pollen (Amorosi et al., 2004; 2008; Amorosi,
2008) analyses has led the construction of the well-known Po Basin stratigraphic architecture. In
particular, the late Quaternary depositional succession of the Po Plain includes a cyclic alternation
of glacial and interglacial deposits (Amorosi et al., 2004; 2008a) that follow the Milankovitch
theory of climate change (Hayes et al., 1976; Imbrie and Imbrie, 1979), firstly proved by studies on
oxygen-isotope records in deep-sea sediments (Shackleton and Opdyke, 1973; Chappell and
Shackleton, 1986).
The Milankovitch theory predicts global variation of ice volumes and sea-level following periods
of 400, 100, 43, 23 and 19 ky, with a predominant 100 ky cyclicity for the Middle and Late
Pleistocene. Additional work on the marine record led to the identification of smaller-scale cyclicity
4

(103-104) superposed on the 100 ky one (Behl and Kennet, 1996; Bond et al., 1993). These glacial
to interglacial periodic changes were recorded by the stratigraphic succession from the Po Plain as
cyclic variations in lithofacies and stacking patterns.
Recent studies (Amorosi et al., 1999b; 2004; Amorosi and Colalongo, 2005; Amorosi et al.,
2008a) have described this cyclicity in the Po Basin from the proximal Apennine margin to the
distal coastal plain succession. A glacio-eustatic control on sedimentary architecture is documented
by the presence of eight, 4th order transgressive-regressive (T-R) cycles assigned to the last ca. 800
ky.
These sequences are represented, in distal areas, by aggrading coastal plain deposits with
overlying, marine-influenced (brackish to shallow-marine) facies with a retrogradational trend,
indicating the landward migration of depositional environments in response to sea-level rise, typical
of the interglacial transgressive systems tract (TST). The sedimentary succession presents the
upward transition from shallow-marine to coastal, brackish and alluvial deposits, representing the
progradation of newly-formed delta lobes and strandplains, representative of the highstand systems
tract (HST). The T-R cycle continues with a thick (up to 60 m), alluvial succession that
accumulated under glacial conditions, during prolonged phases of sea-level fall (falling-stage,
FSST, and lowstand systems tracts, LST).
In proximal areas, T-R cycles are characterized by deposits poorly affected by sea-level
variations, with no evident lithofacies change, but where variations in the stacking pattern of
fluvial-channel bodies are registered. The TST is characterized by silt-clay overbank deposits with
isolated, lenticular fluvial-channel sands, while more amalgamated and laterally extensive bodies
are encountered towards the HST, FSST and LST. Proximal and distal sectors have been correlated
by Amorosi and Colalongo (2005) using the transgressive surfaces (TSs), which can be traced
basin-wide owing to their characteristic warm-temperature pollen signature and the abrupt landward
facies shift recorded in coastal areas. Recently, Amorosi et al. (2017) have shown that TSs in the
more landward sectors are represented by pedogenized horizons, i.e. paleosols, the most recent of
which marks the Pleistocene-Holocene transition and a parallel change in the alluvial stackingpatterns (Campo et al., 2016).
Paleosols can be read as regional stratigraphic markers in alluvial plain deposits, where they
represent a powerful tool to subdivide monotonous alluvial clay-rich succession (Bown and Kraus,
1987; Wright and Marriott, 1993; Kraus, 1999; Trendell et al., 2012). Paleosols have been
commonly used as a mapping tool in pre-Quaternary successions, while in the Quaternary record
they have been studied for decades within the field of pedostratigraphy (Morrison, 1976; Kemp et
al., 1995; Bestland, 1997; Eppes et al., 2008), to reconstruct pedosedimentary processes and analyze
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the extent to which paleosol characteristics and micromorphologies change with climate or
landscape evolution (Mahaney et al., 1993; Kraus, 1999; Feng and Wang, 2005; Ufnar et al., 2005;
Sheldon and Tabor, 2009).
Recent studies (Wallinga et al., 2004; Srivastava et al., 2010; Amorosi et al., 2014; 2016;
Tsatskin et al., 2015) have started considering the importance of Quaternary paleosols not only for
pedostratigraphic analysis, but also as stratigraphic tools for correlating alluvial deposits.
Particularly, Amorosi et al. (2014) described for the first time the presence of a set of weaklydeveloped paleosols in the subsurface of Bologna, but their lateral traceability has never been tested
throughout the entire basin.
Paleosol stratigraphy represents a powerful tool for the stratigraphic interpretation of non-marine
alluvial succession. It is, thus, important to increase the available dataset for paleosol correlations.
The first part of this Ph.D. thesis focused, therefore, on developing a low-cost geotechnical
technique that led us to the identification of pedogenized horizons even from poor-quality field log
descriptions of the available database. We proceeded then with the high-resolution stratigraphic
reconstruction of paleosol geometry, from the Apennine margin to the Po River. The stratigraphic
relationships between pedogenized horizons and coeval thick, amalgamated Po fluvial-channel
bodies were also analyzed. This is an important target for the oil industry, which sees fluvial
amalgamated sand bodies as possible reservoirs. The next step was the reconstruction of the threedimensional paleotopography at the time of major paleosol-formation events. Using the software
package Petrel, we modelled the paleosol-bearing interfluves topography and the base of the related
sand fluvial-channel bodies.
In the distal sector of the Po Plain, the Holocene succession is characterized by remarkable facies
variability. There is an extensive literature detailing the depositional response of Holocene coastal
systems to relative fluctuations of sea level developed on sub-Milankovitch cyclicity, i.e.
millennial- to sub-millennial time scales (Lowrie and Hamiter, 1995; Somoza et al., 1998; Saito et
al., 1998; Morton et al., 1999; Hori et al., 2002; Tanabe et al., 2003; 2006; Leorri et al., 2006; Hori
and Saito, 2007; Amorosi et al., 2009; 2013; Poulter et al., 2009; Törnqvist and Hijma, 2012; Milli
et al., 2016). However in most cases, with few exceptions (Tanabe et al., 2015), stratigraphic
correlations are carried out with relatively poor chronologic control, and the internal configuration
of millennial-scale sediment packages has been predominantly conceptualized and significantly
oversimplified rather than documented. As a result, only limited information can be inferred about
the factors (allogenic versus autogenic) that might have controlled facies architecture.
The second part of this Ph.D. thesis focused on the Holocene depositional history of the Po
coastal plain south of the Po River. We examined millennial-scale parasequences, tracing their
6

boundaries several tens of kilometers along dip and strike; assessing the change in the driving
factors (allogenic vs autogenic) during the last 10 ky; providing insight into the interpretation and
prediction of sediment/rock packages with similar stratal architecture, but for which accumulation
rates and the role of all possible causative mechanisms are poorly established or unknown;
highlighting how the use of the sequence-stratigraphic approach enables one to decipher
depositional history and play-element occurrence.
This three-year research project is the result of the collaboration between University of Bologna
and:
•

ExxonMobil Upstream Research Company, which supported the project through drilling
of 20 continuously cored boreholes and providing the 3D software package Petrel
(courtesy of Schlumberger);

•

the Geological, Seismic and Soil Survey of Regione Emilia-Romagna which made
available its database with more than 2,000 data including stratigraphic descriptions from
continuously drilled cores and water-well logs, cone penetration tests, radiocarbon dating,
pollen profiles and geotechnical data;

•

KIGAM laboratory (Republic of Korea), where 150 radiocarbon dates from organic
matter-rich samples and shells were carried out.
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2. THE PO BASIN: GEOLOGICAL SETTING

2.1 Tectonic setting

The Po Plain is one of the largest alluvial plain in Europe. It represents 15% of the Italian
peninsula with its 46,000 km2. The Po River subdivides the Po Plain in two areas: to the North it is
characterized by coarser and more sandy-rich deposits, while to the South a finer and more clay-rich
stratigraphy is presented (Astori et al., 2002).
Water and oil geophysical research from the Seventies led to the first structural subsoil
reconstructions (AGIP Mineraria, 1959; AGIP, 1977; Aquater, 1976; 1977; 1978; 1980; AquaterENEL, 1981). These first works, mainly based on seismic profiles interpretation, were followed by
detailed studies with different purposes, highlighting the Po Basin structural characteristics (Pieri
and Groppi, 1975; Bartolini et al., 1982; Cremonini and Ricci Lucchi, 1982; Castellarin et al., 1985;
Boccaletti et al., 1987; Castaldini and Panizza, 1991; Doglioni, 1993; Regione Emilia-Romagna and
ENI-AGIP, 1998; Amorosi et al., 1999; Regione Lombardia and ENI Divisione AGIP, 2002;
Amorosi and Colalongo, 2005; Molinari et al., 2007; Amorosi, 2008). Summarizing these works,
the Po Plain can be described as the superficial expression of a rapidly subsiding foreland basin, the
Po Basin, bounded by the S-verging Alpine fold-and-thrust belt to the North, and by the N-NE
verging Apennines to the South (Fig. 1).
The evolution of these two mountain chains took place during the Eurasia-Africa convergence
since the Cretaceous (Carminati and Doglioni, 2012), showing an ongoing motion of 3-8 mm/y
(Serpelloni et al., 2007). The northern limit of the Po Basin is represented by the Southern Alps,
with an extension of 700 km, related to the Apulian-Adriatic margin deformation (Kearey and Vine,
1990). The Southern Alps are a post-collisional mountain chain connected to the southward
subduction of the European plate underneath the Adriatic plate (Vannoli et al., 2015). It is
characterized by a S-verging fold-and-thrust belt where non-metamorphosed Permo-Mesozoic and
Tertiary deposits have been folded in various phases from the Eocene to the Plio-Quaternary
(Castellarin, 2001).
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The southern margin of the Po Basin is represented by the buried Apenninic northern margin
(AGIP, 1977; Boccaletti et al., 1985; Castellarin et al., 1992; Argnani et al., 2003) . The Apennines
formation is related to the WSW-dipping subduction of the Adria plate beneath the European crust,
which started during the Oligocene after the post-collisional phase of the Alpine orogenesis (Vai
and Martini, 2001). The Apennine thrust fronts, foredeep basins and extensional back arcs migrated
progressively to the East as a consequence of the radial retreat of the subduction process (Doglioni
et al., 1999), as confirmed by deep tomographic profiles (Castellarin et al., 1994).

Fig. 1. Simplified structural map of the Po Basin. Modified from Burrato et al. (2003).

The N-verging fold-and-thrust belt Apenninic structure (Fig. 2) involves Mesozoic to Neogene
deposits of Adria and older basement (Picotti and Pazzaglia, 2008). After a series of deep seismic
profiles and boreholes carried out by Agip, its buried structure beneath the Po Plain was identified
(Pieri and Groppi, 1981). Three main folded arcs were recognized (Fig. 3), from the West to the
East: the Monferrato arc, the Emilia arc and the Ferrara-Romagna arc. The latter is furthermore
subdivided into Ferrara, Romagna and Adriatic folds, the latter buried in the Adriatic offshore
covered by Late Pleistocene and Holocene deposits (Mazzoli et al., 2015). These arcs are
characterized, in the western portion, by W-verging fold-and-thrusts, while to the East they are
composed by en-echelon folds and NE-verging high-angle reverse faults (Costa, 2003).
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Fig. 2. Fold-and-thrust belt buried structures beneath the Po Plain. Modified from Picotti and Pazzaglia (2008).

The southern portion of the Po Basin presents a sedimentary Pliocene-Quaternary filling, up to
8000 m thick (Pieri and Groppi, 1981). Their apparently non-deformed geometry firstly led to the
wrong assumption that these folds and thrusts were inactive. The activity of the thrusts has been
recently proved, following geomorphological and geophysical studies (Burrato et al., 2003;
Carminati and Vadacca, 2010), and after the recent reactivation of the external thrusts (Ferrara arc
and Mirandola anticline) that led to the M 6.0 2012 earthquake (Caputo et al., 2012).

Fig. 3. The buried Apenninic outer fronts. From Costa (2003).

The Po Basin presents a high subsidence rate related to the crustal flexuring generated by the
Apennines growth (Carminati et al., 2005), with long-term subsidence rates between 0.4 and 2.4
mm/y, where the highest values are registered in the modern Po delta (Antonioli et al., 2009).
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Present-day rates are more related to the anthropogenic component, including water pumping and
hydrocarbon extraction in the coastal areas that led to a maximum of 70 mm/y (Baldi et al., 2009),
while the natural ones are still affected by the effect of the post-Last Glacial Maximum deglaciation
(Carminati et al., 2005).

2.2 Stratigraphic architecture

The subsurface geology of the Po Basin fill has been largely investigated with the aid of the
interpretation of seismic data for hydrocarbon exploration (Pieri and Groppi, 1981). The general
trend is a “regressive” evolution from an open-marine Pliocene sedimentation to Quaternary
shallow-marine and continental deposits.
Additional studies based on seismic profiles and stratigraphic cross-sections (Regione EmiliaRomagna and ENI-AGIP, 1998; Regione Lombardia and ENI-Divisione AGIP, 2002) revealed a
progressive decrease in the degree of tectonic deformation from base to top (Fig. 4).

Fig. 4. Seismic profile interpretation between Bologna and Ferrara: Plio-Quaternary Po Basin fill subdivision into
six depositional sequences. From Regione Emilia-Romagna & Eni-Agip (1998).

These studies led to the subdivision of the Plio-Quaternary succession into unconformitybounded stratigraphic units (UBSU), each indicating a phase of significant basin geometry
modification. Four main Quaternary unconformities (Fig. 5) were used for the stratigraphic
subdivision of the Po Basin succession in depositional sequences, representing important phases in
the basin evolution history:
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•

1.6 Ma BP unconformity (blue line of Fig. 5), linked to a regional tectonic uplifting event
in the southern part of the Po Basin, which resulted in the shifting of the sedimentation
towards the basin center;

•

1.24 Ma unconformity (green line of Fig. 5), mainly caused by tectonic activity;

•

0.87 Ma unconformity (red line of Fig. 5, the “Red Surface” of Muttoni et al., 2003,
coinciding with the G surface of Fig. 4), linked to an important climatic event (onset of a
dry and cold period), coincident with a glacio-eustatic lowstand (Muttoni et al., 2003;
Pini et al., 2004). According to these authors, in seismic profiles the Red Surface does not
appear to have tectonic origin, as it is not associated with angular unconformities;

•

0.45 Ma unconformity (yellow line of Fig. 5), probably caused by a minor uplifting event
of the compressive Apenninic structures (Regione Lombardia and ENI-Divisione AGIP,
2002).

Fig. 5. Subsurface stratigraphy of the upper Po Basin fill. The yellow line corresponds to the “F” unconformity of
Fig. 4, and the red one to the “E” unconformity. From Regione Lombardia and ENI-Divisione AGIP (2002).

13

The post-0.87 Ma Quaternary succession represents the Po Supersynthem of Amorosi et al.
(2008a) (Fig. 6). The unit thickness shows a maximum of 800 m underneath the modern alluvial
plain, whereas it thins towards the basin margins, i.e. toward the Apennines and the Alps (Fig. 6).
The Po Supersynthem lower limit (red lines in Figs. 5-6, G surface of Fig. 4) is an important
unconformity mapped throughout the whole basin (Regione Emilia-Romagna and ENI-AGIP, 1998;
Regione Lombardia and ENI-Divisione AGIP, 2002). The identification of a lower-rank regional
unconformity (0.45 Ma unconformity) within the Po Supersynthem led to its subdivision into Upper
and Lower Po Synthems (Fig. 6). Each synthem was furthermore partitioned in four subunits
(subsynthems), defining four different aquifers, each one with a mean thickness of a few tens of
meters, thickness that may locally change due to tectonic activity.

Fig. 6. Po Supersynthem subdivided into Lower and Upper Po Synthem by the ca. 0.45 Ma unconformity (from
Amorosi et al., 2008).

Despite poor chronologic control, the presence of 8 cycles, representing 8 aquifers, bounded by
an unconformity dated 870 ky linked to the first great Pleistocene alpine glaciation (Muttoni et al.,
2003), suggests a mean duration of 100 ky for each cycle. High-resolution stratigraphic and pollen
analyses by Amorosi et al. (2008a) from the Upper Po Synthem depositional sequence support this
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hypothesis, suggesting that this recurring facies alternation could be linked to the Milankovich-scale
(100 ky) cyclicity. Each depositional cycle is characterized by a recurring alternation of coastal and
alluvial deposits (Amorosi et al., 2003; 2004; 2005; 2008a; 2008b): near the basin margin the
stratigraphic architecture is dominated by gravelly amalgamated alluvial fan bodies, with lateral
transition to alternating gravelly/sandy fluvial channels and muddy overbank deposits (Ori, 1993;
Amorosi et al., 1996). Distal areas are, instead, characterized by an alternation of coastal and
alluvial deposits in Transgressive-Regressive (T-R) sequences (Amorosi, 2008). These T-R cycles
represent the sedimentary response to 4th order sea-level fluctuations linked to the Milankovitch
cyclicity.
The youngest T-R cycle has been extensively studied over the last decades (Rizzini, 1974;
Bondesan et al., 1995; Amorosi et al., 1999a; 2003). This cycle shows a Holocene succession, a few
meters thick, separated from the underlying Last Glacial Maximum alluvial deposits by a subaerial
unconformity surface. This surface is characterized by a hardened and locally pedogenized horizon
that was firstly identified in the Venetian subsurface by McClennen et al. (1997), and later
recognized by Amorosi et al. (1999a) in the Ravenna area. The sequence-stratigraphic interpretation
of the 4th order depositional sequences reflects the classic subdivision in systems tract:
•

The lower unit is composed by a thick alluvial succession that accumulated between
125,000 and 20,000 years BP, during the long phase of sea-level drop, i.e. falling-stage
systems tract (FST), and the subsequent lowstand systems tract (LST). These systems
tracts are characterized by channel incision and paleosol development in the interfluves;

•

The following unit corresponds to the lower transgressive portion of the Holocene
transgressive-regressive sequence, showing an increase in accommodation space and a
landward migration of depositional environments, from purely marine to brackish and
freshwater ones, as a result of rising sea level (transgressive systems tract, TST). In
modern coastal plains, the first TST sedimentation is commonly lacking, generating an
important hiatus that divides LST from the overlying TST, including the PleistoceneHolocene boundary. The lower TST is commonly registered only within incised-valley
fill (Posamentier and Allen, 1999);

•

The upper unit records delta lobe and strandplain progradation, which characterizes the
following highstand systems tract (HST), when fluvial processes are intensified in
response to the lowering of sea-level rise (Stanley and Warne, 1994).

During the sea-level drop and lowstand phases, proximal areas are characterized by the
deposition of thick, sand fluvial bodies with seaward migration of alluvial systems and an increase
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in erosion (Amorosi and Colalongo, 2005). The rapid sea-level rise and the following highstand are
instead dominated by fine-grained alluvial sedimentation, representing the landward equivalent of
transgressive-regressive coastal successions (Fig. 7).
The depositional architecture of the Po Basin shows high resemblance with coeval deltaic and
coastal successions described for the last 4th-order cycle around the world (Oomkens, 1970; Suter et
al., 1987; Demarest and Kraft, 1987; Stanley and Warne, 1994; Gensous and Tesson, 1996; Morton
and Suter, 1996; Yoo and Park, 2000, Amorosi and Milli, 2001; Hori et al., 2002; Tanabe et al.,
2003).

Fig. 7. Schematic stratigraphic representation of the post-125 ky Po Basin succession showing relationships between
climate change, stratigraphic architecture, sequence stratigraphic interpretation and sea-level change within T-R
sequences. From Amorosi and Colalongo (2005).

T-R cycles are laterally persistent and bounded by transgressive surfaces (TS) that are physically
traceable at the basin scale (Fig. 8). Amorosi (2008) documented that transgressive surfaces record
important facies changes, and are characterized by a peculiar pollen signal that marks the transition
from glacial to interglacial periods at the basin scale. TSs are therefore easily correlatable than
maximum flooding surfaces (MFS); these latter commonly occur within homogeneous shallow16

marine deposits and can be identified only through micropalaeontological analysis, as they are
hardly recognized in cores. Transgressive surfaces are directly traceable in coastal areas at the
continental-coastal transition (Fig. 8), whereas in more proximal portions of the basin they are
located at the top of laterally-extensive fluvial channel bodies (Amorosi and Colalongo, 2005).
From a palaeoclimatic point of view, pollen studies (Amorosi et al., 2004; 2008; Amorosi and
Colalongo, 2005; Amorosi, 2008) showed that the lower portions of the T-R cycles are
characterized by alluvial sedimentary bodies with high concentration of Quercus, Betula, Corylus,
Tilia and Ulmus pollen, and with low concentrations of Pinus. The first ones represent
thermophilous taxa, indicating the expansion of forests, suggesting that the lower part of each T-R
cycle accumulated at the onset of warm-temperature interglacial phases. Fluvial channel bodies in
the upper portion of the T-R cycles are instead characterized by high concentrations of Pinus and
NAP (non-arboreal pollen), indicating glacial periods. The relationship between climate changes,
stratigraphic architecture, sequence-stratigraphic interpretation and sea-level changes within T-R
sequences are shown in Fig. 7.

Fig. 8. Schematic cross-section from the Apennines to the Adriatic Sea, showing the basin-scale linkage between
alluvial and coastal systems. From Amorosi (2008).

Depositional systems also show a sedimentary response at the a sub-Milankovitch (millennial)
scale (Lowrie and Hamiter, 1995; Somoza et al., 1998; Amorosi et al., 2005; Amorosi et al.,
submitted), although this aspect has been neglected by traditional sequence stratigraphic models
(Posamentier et Vail, 1988; Hunt and Tucker, 1992; Helland-Hanses and Martinsen, 1996;
Posamentier and Allen, 1999; Plint and Nummedal, 2000). Modern stratigraphy can investigate also
17

5th- and 6th –order cycles as seen in the Mississippi delta (Lowrie and Hamiter, 1995), and in the
Ebro delta in Spain (Somoza et al., 1998). The stratigraphic architecture is characterized here by a
series of parasequences piled up, that is shallowing-upward successions bounded by flooding
surfaces or minor transgressive surfaces (Van Wagoner et al., 1990; Kamola and Van Wagoner,
1995), suggesting a step-wise sea-level rise with intermittent phases of landward shift in facies
followed by generalized progradation (Fig. 9). A similar parasequence architecture has been
documented by Thomas and Anderson (1994) and by Nichol et al. (1996) within incised-valley fill
successions; at the Changjiang river mouth in eastern China (Hori et al., 2002); and in the Holocene
Po Basin fill coastal succession (Amorosi and Milli, 2001; Amorosi et al., 2005; Correggiari et al.,
2005, Stefani and Vincenzi, 2005).

Fig. 9. Parasequence architecture of the Holocene succession in the Emilia-Romagna coastal plain. From Amorosi et
al. (2005).
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3. DATABASE AND METHODS

The high-resolution stratigraphic reconstruction of the last 40 ky from the Po Basin fill was
carried out through the creation of two-dimensional cross sections (32 to 73 km long) and threedimensional analysis across an about 3,000 km2 area.
Stratigraphic correlations were based on the Regione Emilia-Romagna (RER) database (Fig. 10),
where borehole and water-well log descriptions were flanked by geotechnical tests and supported
by radiocarbon dating. Additional cores were drilled during this three-years period, following a
scientific collaboration with ExxonMobil Upstream Research Company. These data were used as
checkpoints in the stratigraphic investigation. As part of this collaborative project, we used the
Petrel package, Schlumberger’s software platform used in the exploration and production sector of
the petroleum industry, that brought stratigraphic correlations from a classic 2-D view to a fully 3-D
perspective.
Additional 150 radiocarbon dates were added to implement the chronostratigraphic framework,
and accurate core facies analysis led to a refined stratigraphic scheme.

Fig. 10. RER Geological Survey database (in yellow, continuous core descriptions; in blue, CPT/CPTU tests).
Continuous cores drilled in collaboration with ExxonMobil Upstream Research Company are in orange.
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3.1 Geologic database

During the last 20 years the Geologic Mapping Project (CARG project) of Regione EmiliaRomagna at 1:50,000 scale led to the collection of thousands of stratigraphic information through a
vast drilling campaign. More than 2,500 data were used for this work. The RER database (Fig. 10)
has been recently implemented by 22 new continuous cores that were drilled for a liquefaction
study after the 5.9-6.0 M earthquake of May 2012 and by 17 new boreholes in the framework of the
scientific collaboration with ExxonMobil.
The geologic database analyzed for this study is composed of different types of stratigraphic
information, with particular vertical resolution, range of depth and quality of the description. The
major data sources are the following:
•

Continuously cored boreholes (20-53 m deep), specifically drilled for this project in
collaboration with ExxonMobil, were drilled with a continuous perforating system to
assure a non-disturbed stratigraphy (Fig. 11). These cores represent the most efficient
tool for stratigraphic correlation, as they enable direct observation of lithofacies
characteristics, grain size and sediment textures. Accessory material (i.e. shells, roots,
wood and plant fragments, carbonates concretions, Fe and Mg oxides etc.) were
described along with organic matter for radiocarbon dating. In fine-grained deposits,
pocket penetrometer values were also used to analyze compressive strength.

Fig. 11. Example of a newly-drilled core recovered during this study (core length 1 m).
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•

Continuously cored borehole descriptions (20-200 m deep), from the RER database,
includes two distinct types of data: stratigraphic descriptions carried out specifically in
the frame of CARG Project (Fig. 12) are associated with high-resolution core
descriptions, where lithology, color, consistency, contacts, accessory material, pocket
penetrometer and torvane values, pedologic information and environment of deposition
are specified. Uncalibrated radiocarbon dates are locally provided.

Fig. 12. Example of detailed stratigraphic core description from CARG Project.

Other stratigraphic descriptions (Fig. 13) were collected for hydrogeological surveys and
may lack information such as accessory material, consistency and environment of
deposition.

Fig. 13. Example of typical stratigraphic core description from the RER Geological Survey database.
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•

Water wells (15-450 m deep), drilled for hydrogeological purposes, commonly have
scarce vertical resolution (Fig. 14): only thick sedimentary bodies are recorded, with
basic grain-size or aquifer/aquitard information. Additional annotations on color, grain
size tendencies and organic matter content are rarely presented. This kind of data was
utilized for identifying fluvial-channel sand bodies, and for their correlation throughout
the study area.

Fig. 14. Example of poor-quality stratigraphic description (water-well log from the RER
database).

•

Cone penetration tests (CPT) and cone penetration tests with piezocone (CPTU) (5-36 m
deep) are a powerful, though indirect, tool for high-resolution stratigraphic correlations
that are commonly used for geotechnical studies. These tests attest soil resistance to
penetration providing cone resistance (Qc) and sleeve friction (fs) values, and also pore
water pressure (u) values for CPTU. These tests are relatively low-cost and present high
vertical resolution (Fig. 15), with a mean investigation depth of 15 cm for CPT, and 36
m for CPTU. The efficiency of CPT/CPTU tests for facies characterization and
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stratigraphic correlation, following stratigraphic calibration with adjacent cores, on late
Quaternary deposits has been studied by Amorosi and Marchi (1999) and Styllas (2014).
The reader is referred to these works for detailed information about their stratigraphic
use.

Fig. 15. Example of cone penetration test with piezocone (from the RER database).
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The available stratigraphic data were reinterpreted, adding a sedimentological perspective to
simple lithologic descriptions. Facies associations and depositional environments were
reconstructed giving specific attention to accessory materials. We particularly focused on elements
that could lead to paleosol identification, such as consistency, color, reaction to HCl, carbonate
concretions and pocket penetrometer values (see Manuscript 1 for further information on this latter
technique). The reinterpreted logs (Fig. 16) were then plotted onto stratigraphic cross sections.

Fig. 16. Re-interpreted stratigraphic description of a RER core. On the left, stratigraphic log and facies
interpretations.
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The chronologic framework was ensured by uncalibrated dates from the RER database, and by
organic-rich samples from new cores, dated at CIRCE laboratory (Caserta, Italy), and at KIGAM
laboratory (Republic of Korea). Uncalibrated dates were then calibrated using Oxcal 4.2 (Ramsey
and Lee, 2013), with the Intcal13 calibration curve and Marine13 dataset (Reimer et al., 2013) as
shown in Fig. 17.

Fig. 17. Oxcal 4.2 radiocarbon dating example. Free online source at https://c14.arch.ox.acuk/oxcal/OxCal.html.

3.2 Petrel data processing

In addition to classic two-dimensional cross-sections, a 3D software, Petrel, was also used to
analyze data and reconstruct three-dimensional paleotopographies. The first necessary step was the
preliminary 2D stratigraphic analysis of boreholes and CPTU tests, which were added to the
software and examined through a series of NW-SE and SW-NE cross sections (Fig. 18). The aim
was the identification and geometric characterization of paleosols and fluvial-channel bodies (see
next chapter, for detailed description).

Fig.

18.
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core and CPTU
interpretations
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a

2D

cross-section
on Petrel 2014.
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When the 2D stratigraphic correlations were reliable, it was used the convergent interpolation
algorithm to recreate a 3D geometry of the picked surfaces. The convergent gridder (Fig. 19) takes a
set of randomly distributed scattered points and computes an output grid showing a high-quality
model representation of the input data. This type of algorithm adapts to a sparse or dense data
distribution through converging iterations at finer grid resolution. Stratigraphic surfaces were then
manually modified to better fit a geologic model.

Fig. 19. Example of the gridder used for 3D reconstructions.

Although Petrel is used especially for seismic analysis, in this work it was adapted to our specific
needs, such as sparse data correlation and interpretation. Its application goes beyond 3D
reconstructions and modelling, as it was found very useful for classic 2D correlations too, to ensure
reliable facies correlations in cross-sections that can be rapidly generated.

27

28

4. MANUSCRIPT SUMMARY

This work focuses on the Late Quaternary succession of the southern Po Basin starting from a
more proximal position and progressively moving towards distal areas, with the aim of linking a
pure alluvial succession to a coastal one. Four regions (Fig. 20) were studied with different
purposes: in the first area we developed a low-cost method to recognized indurated horizons, i.e.
paleosols, within monotonous alluvial succession. Then, we moved slightly seawards: in the second
area, the lateral continuity of paleosols was tested, and in the third one, we reconstructed the threedimensional paleotopography of two paleosols. Finally, we proceeded towards the coastal portion of
the basin (areas 4 and 5), where stratigraphic relationships between alluvial deposits and coeval
coastal facies were studied, with special focus on the internal subdivision of coastal deposits into
millennial-scale depositional cycles.

Fig. 20. Study areas for the five manuscripts composing this Ph.D. thesis.

29

4.1 Manuscript 1

The value of pocket penetration tests for the high-resolution palaeosol stratigraphy of late
Quaternary deposits
Amorosi A., Bruno L., Campo B., Morelli A.
Geological Journal 50 (2015), 670-682.

The first study area is represented by ca. 6,750 km2 of mud-prone alluvial deposits, including the
Reno and Panaro rivers interfluves, where we developed a simple, low-cost method of paleosol
identification through geotechnical tests. Pocket penetrometer (PP) values, which indicate the
resistance of the fresh core to penetration, are a common accessory constituent of even poorlydescribed cores. Three cores were used for facies analysis and PP values calibration, and 40 core
descriptions with associated PP profiles were extracted from the RER database, and used as tests for
paleosol identification. This study showed that weakly-developed paleosols (with A-Bk-C horizons)
can be traced for more than 30 km owing to their typically indurated profile that can be inferred
from traditional core descriptions. It is also emphasized here a new tool to expand the coverage of
stratigraphic data. By comparison with available stratigraphic descriptions, one of the major
outcomes of this study is that paleosols are hardly recognized by geologists with no specific
sedimentological training.

4.2 Manuscript 2

Paleosols and associated channel-belt sand bodies from a continuously subsiding late
Quaternary system (Po Basin, Italy): New insights into continental sequence stratigraphy.
Amorosi A., Bruno L., Cleveland D.M., Morelli A., Hong W.
Geological Society of America Bulletin (2016), in press.

This work was conducted in slightly more seaward position, on a 3,800 km2 portion of the
southern Po Plain, between the Po River and the Apennines. The aim of this study was to examine
paleosol geometries and their relationships with coeval fluvial-channel bodies. Four SW-NE
transects were constructed and analyzed in the area using 20 new cores (from the ExxonMobil
partnership and RER stratigraphic database), 52 field log descriptions, 69 water-well cuttings and
118 CPT/CPTU tests from the RER database. The chronostratigraphic framework was defined by a
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total of 100 radiocarbon dates, 44 of which are unpublished. The study revealed a bipartite
stratigraphic zonation, with a paleosol-bearing succession close to the basin margin that is replaced
by vertically-amalgamated fluvial bodies in axial position (beneath the modern Po River). No
evidence of a persistent incised-valley system was found in the Po system during the last
glacial/interglacial period. Continuous accommodation led, instead, to the deposition of a
dominantly aggradational alluvial succession.

4.3 Manuscript 3

Reconstructing Last Glacial Maximum and Younger Dryas paleolandscapes through subsurface
paleosol stratigraphy: an example from the Po Basin, Italy.
Morelli A., Bruno L., Cleveland D.M., Drexler T.M., Amorosi, A.
Geomorphology, submitted.

This work represents the natural prosecution of the previous one, and was carried out in a 3,000
km2 area, between the Panaro River and the modern coastal region. This study involved the threedimensional reconstruction of paleosols and genetically related sand fluvial bodies geometries, with
special focus on the paleotopography at the onset of the Last Glacial Maximum and Younger Dryas
cold reversal. 17 recently-drilled continuous cores, 107 core descriptions and 1012 CPT/CPTU tests
represented the tie points for facies and stratigraphic surface correlations using Petrel, the
Schlumberger’s software for 3D analysis. 27 additional radiocarbon dates from the two studied
periods were used as guides to the stratigraphic reconstruction. A second objective of this study was
the geometric analysis of the LGM and YD fluvial channel belts, from the Apennines to the Po
River.

4.4 Manuscript 4

Global sea-level control on local parasequence architecture from the Holocene record of the Po
plain, Italy.
Amorosi A., Bruno L., Campo B., Morelli A., Rossi V., Scarponi D., Hong W., Bohacs K.M., Drexler
T.M.
Marine and Petroleum Geology (2017), in press.
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The transition from a pure alluvial to a marine-influenced succession was carried out with this
fourth study, where an area approximately 3,200 km2 between Ferrara and the modern Po delta was
investigated. The Holocene, post-Younger Dryas depositional history of the Po coastal plain was
assessed in this work based on 12 sediment cores, 2,350 RER stratigraphic descriptions, 131
radiometric dates, 740 paleontological analysis, and the construction of two 50 km-long W-E
transects. The response of the Po Plain coastal system to short-term sea-level fluctuations was
examined, highlighting parasequences, millennial-scale depositional packages bounded by flooding
surfaces, developed as key features for stratigraphic correlations. This work led to the
reconstruction of the paleoenvironmental evolution that characterized parasequence development.
We also demonstrate that the landward equivalent of marine flooding surfaces can be defined by
brackish and freshwater fossil assemblages, and traced for tens of kilometers into the non-marine
realm.

4.5 Manuscript 5

Po Plain, Last Glacial Maximum depositional sequence, Upper Pleistocene to Holocene, Italy.
Campo B., Morelli A., Amorosi a., Bruno L., Scarponi D., Rossi V., Bohacs K.M., Drexler T.M.
American Association of Petroleum Geologists Memoirs, Chapter 16, ready to be submitted.

The last work represents a late Quaternary methodologic study from an approximately 1140 km2
area in the Ferrara and Ravenna coastal plain. The post-LGM, Upper Pleistocene-Holocene
succession was analyzed in this chapter as a modern analog for ancient rock formations for which a
well-constrained chronostratigraphic framework is commonly unavailable. Two W-E transects from
Manuscript 4 were used as an example of sequence-stratigraphic approach to a modern succession.
This study indicates that sequence stratigraphy may represent a valuable tool for analyzing meterscale stratal units at millennial to centennial scales in systems with sufficiently high accommodation
and sediment-supply rates to record high-frequency changes. As the stratal record documents an
integrated response to changes in rates of accommodation relative to sediment supply, this approach
can be applied to generate useful insights even in settings not dominated by standing water (i.e.,
marine or lacustrine).
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5. MANUSCRIPTS

5.1 Manuscript 1

The value of pocket penetration tests for the high-resolution palaeosol
stratigraphy of late Quaternary deposits*
Amorosi A., Bruno L., Campo B., Morelli A.

*Geological Journal 50 (2015), 670-682.
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The value of pocket penetration tests for the high-resolution palaeosol
stratigraphy of late Quaternary deposits
Alessandro Amorosia*, Luigi Brunoa, Bruno Campoa, Agnese Morellia

Dipartimento di Scienze Biologiche, Geologiche e Ambientali, University of Bologna, Bologna,
Italy

35

Abstract

Pocket penetrometer measurements, though commonly listed as accessory components of core
descriptions, are almost totally ignored in shallow subsurface stratigraphic analysis. In this study,
we prove that, if properly calibrated with core data, pocket penetration tests may serve as a quick
and inexpensive tool to enhance high-resolution (palaeosol-based) stratigraphy of unconsolidated,
late Quaternary non-marine deposits. A palaeosol sequence, made up of 12 vertically stacked,
weakly developed palaeosols (Inceptisols) dated to the last 40 ky cal BP, is reconstructed from the
subsurface of the southern Po Plain. The individual palaeosols exhibit flat to slightly undulating
geometries and several of them can be tracked over distances of tens of km. They show
substantially higher compressive strength coefficients than all other fine-grained, alluvial
(floodplain) facies, being typified by distinctive penetration resistance, in the range of 3.5-5 kg/cm2.
Along the palaeosol profiles, A and Bk horizons demonstrate consistent difference in relative
compressive strengths, the highest values being invariably observed at the A/Bk boundary.
Palaeosols are rarely described in conventional stratigraphic logs, and just a small proportion of
them is likely to be identified by geologists with no specific sedimentological training. Through
core-log calibration techniques, we document that vertical profiles of penetration resistance
measured in the field can be used as an efficient method for palaeosol identification, and thus may
represent a strategy for predicting stratigraphic architecture from limited core descriptions or poorquality field logs. This technique allows to optimize the contribution of all available stratigraphic
information, expanding significantly the coverage of well-described, one-dimensional core data.

Keywords: pocket penetrometer; palaeosol; alluvial stratigraphy; Quaternary; Po Plain

1. Introduction

Reconstructing the high-resolution facies architecture of the late Quaternary successions buried
beneath the modern alluvial plains is an increasingly important issue for stratigraphic modeling of
more ancient successions (Blum and Törnqvist, 2000; Blum et al., 2013). In shallow subsurface
exploration programs, however, extensive core data are needed to obtain sufficient stratigraphic
information, and drilling commonly represents the most expensive part of the whole exploration
campaign. In this regard, the acquisition of a comprehensive dataset including all available
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stratigraphic information is essential to plan future investigations, and an appropriate level of detail
of the stratigraphic description can have far-reaching implications for the success of a project.
In densely populated areas, such as the modern alluvial and coastal plains, a large number of
core descriptions is commonly available. However, the overall quality of field logs may vary
appreciably. Geotechnical core logging generally incorporates simple lithologic descriptions that
are hardly suitable for facies interpretation and, consequently, for high-resolution stratigraphy.
Delineating subsurface stratigraphy through indirect methods of subsurface investigation, such as
those based upon geotechnical engineering properties of soils, may partly compensate for this lack
of appropriate stratigraphic descriptions.
The high potential of geotechnical data for the high-resolution stratigraphy of unconsolidated
Quaternary deposits has been illustrated by Amorosi and Marchi (1999), who showed that
piezocone penetration tests can be used for the detailed characterization of distinct coastal plain,
deltaic and shallow-marine facies associations. The same technique was successfully applied by
Lafuerza et al., (2005), Choi and Kim (2006), Sarti et al. (2012), and Styllas (2014), proving to be
useful for the high-resolution sequence stratigraphic analysis and three-dimensional reconstruction
of alluvial to coastal successions. Based on the same conceptual criteria, we document in this paper
that, if proper calibration with core data is carried out, the use of simple pocket penetrometer
resistance, a supplementary information normally available from most core descriptions, can be of
use to a log analyst for stratigraphic profiling. Pocket penetrometer may provide almost continuous
record of in situ properties of soils. This tool has been used for reliable assessment of the effects of
compaction on soil productivity (Steber et al., 2007), to estimate threshold friction velocity of wind
erosion in the field (Li et al., 2010), and for stratigraphic and geotechnical investigations (Brideau
et al., 2011).
Palaeosols have long been recognized as key features for subdivision and mapping of continental
strata on a variety of time scales (Bown and Kraus, 1981; Retallack et al., 1987; Besly and Fielding,
1989; Joeckel, 1991; Kraus, 1999; Atchley et al., 2004; Rossetti, 2004; Choi, 2005; Buck et al.,
2010), and sequence-stratigraphic models have predicted the presumed position of palaeosols within
non-marine deposits (Van Wagoner et al., 1990; Hanneman and Wideman, 1991; Wright and
Marriott, 1993; Cleveland et al., 2007; Mack et al., 2010; Gibling et al., 2011; Varela et al., 2012).
One of the most prominent features are palaeosols formed at interfluve sequence boundaries, i.e.,
adjacent to palaeovalley systems (Aitken and Flint, 1996; McCarthy and Plint, 1998).
In this paper, we demonstrate that late Quaternary palaeosols can often be identified on the basis
of geotechnical properties generated from simple pocket penetrometer values (Bradford, 1980). The
southern Po Plain, for which a palaeosol-based stratigraphic framework has been recently made
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available (Bruno et al., 2013; Amorosi et al., 2014), represents an intriguing opportunity to
investigate subsurface stratigraphy based on this approach. To this purpose, we selected a mudprone, distal alluvial succession between the basin margin and the Po channel belt, with specific
focus on the interfluve between Panaro and Reno rivers (Fig. 1). We strategically chose this area
because of lack of laterally continuous fluvial bodies that could be utilized as stratigraphic markers.

Figure 1. Study area, with indication of the section trace of Figures 5 and 6. The RER (Emilia-Romagna Geological,
Seismic and Soil Survey) database was used to assess the engineering properties of palaeosols in Figure 7.

2. Regional geological setting

The Po Plain is a rapidly subsiding foreland basin, bounded by the Alps to the north and the
Apennines to the south (Fig. 1). The formation of the Apenninic fold-and-thrust belt took place
since the Late Oligocene (Ricci Lucchi, 1986; Boccaletti et al., 1990) in the framework of the
collision of the European plate with the Adria microplate (Boccaletti et al., 1971; Ghielmi et al.,
2013), when the sedimentary successions of the subducting margin of Adria were piled up to form
the Apenninic accretionary prism (Carminati and Vadacca, 2010). The filling of the PliocenePleistocene Apennineic foredeep has been estimated to exceed 7,000 meters in the thickest
depocentres (Pieri and Groppi, 1981). The North Apenninic frontal thrust system, buried below the
southern margin of the Po Plain makes this area seismically active, as confirmed by the recent M
5.9-6.0 earthquakes of May-June 2012. Several active thrust faults have been recognized, such as
the Ferrara and Mirandola growing anticlines, this latter with an uplift of ca. 0.16 mm/y in the last
125 ky (Carminati and Vadacca, 2010).
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Extensive subsurface investigations carried out during the last two decades with the aim of
establishing a general framework of aquifer distribution have led to accurate reconstruction of the
large-scale, subsurface stratigraphic architecture of the Pliocene-Quaternary basin fill (Di Dio,
1998; Carcano and Piccin, 2002). Six depositional sequences were identified south of Po River (Di
Dio, 1998; Molinari et al., 2007) and four north of Po River (Carcano and Piccin, 2002). These
depositional sequences, recognized on a seismic basis and typically bounded by stratigraphic
unconformities of tectonic origin, correspond to 3rd-order depositional sequences in the sense of
Mitchum et al. (1977). The lower boundary of the youngest depositional sequence (Po
Supersynthem of Amorosi et al., 2008) has an estimated age of 0.87 My (Muttoni et al., 2003), and
is partitioned into eight lower-rank (4th-order) depositional cycles (transgressive-regressive – T-R –
cycles of Amorosi and Colalongo, 2005 – see Fig. 2).
Pollen characterization of the youngest two T-R cycles has documented a glacio-eustatic control
on facies architecture, with a major influence of Milankovitch-scale eccentricity (ca. 100 ky) cycles
(Amorosi et al., 1999, 2004, 2008). The T-R cycles are best recognized beneath the modern coastal
plain and the delta, where typical transgressive-regressive coastal wedges form the transgressive
and highstand systems tracts (TST+HST in Fig. 2). These shallow-marine bodies are separated by
thick packages of alluvial deposits (falling-stage and lowstand systems tracts – FST+LST), the
accumulation of which was favoured by tectonic subsidence.

Figure 2. Transgressive-regressive (T-R) cycles in the subsurface of the Po Plain and their sequence-stratigraphic
interpretation (from Amorosi et al., 2014). The red lines represent the transgressive surfaces. The lower parts of the T-R
cycles have a typical interglacial (transgressive/highstand systems tracts - TST+HST) signature, and are marked by
diagnostic coastal wedges in lateral transition to mud-prone alluvial deposits. The upper parts of the T-R cycles, formed
under glacial conditions (falling stage/lowstand systems tracts - FST+LST), display increasingly amalgamated fluvial
bodies. The black rectangle shows approximate position of the stratigraphic correlation panel of Figure 5.
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In proximal positions, close to the basin margin, the T-R cycles consist of basal overbank facies
with isolated fluvial-channel sand deposits. Upwards, the fluvial bodies become increasingly
abundant, amalgamated and laterally continuous. Based upon pollen data (Amorosi et al., 2008), the
transgressive surfaces (or maximum regressive surfaces of Catuneanu et al., 2009) separate
lowstand, glacial deposits from overlying deepening-upward (brackish to shallow-marine)
successions formed under interglacial conditions. Landwards, these surfaces can be traced
approximately at the boundary between laterally-amalgamated and isolated fluvial bodies (Fig. 2).
The lower parts of the T-R cycles are interpreted to represent the response of fluvial systems to
rapid sea-level rise (equivalent of marine isotope stages 1, 5e, 7, 9 and 11, respectively, in Fig. 2 –
Amorosi et al., 2004, 2008).

3. Materials and methods

Pocket penetrometer is a lightweight, handy tool that is commonly used for geotechnical
purposes during coring operations. Its primary source of information is for evaluating consistency
and approximate unconfined compressive strength. When pushing the loading piston into a freshly
cut core, the pin encounters a force. A friction ring is taken along during this operation, which
shows on the scale the maximum force that has been encountered. The direct reading scale,
commonly ranging between 0 and 5 kg/cm2 (up to 10), corresponds to equivalent unconfined
compressive strength.
In order to test our approach of using penetration tests for palaeosol identification and highresolution stratigraphic reconstructions, we selected a distal, mud-dominated portion of the alluvial
plain, away from the influence of the major rivers (i.e., the Po channel belt) and far from the thick,
fluvial gravel bodies of the Apenninic margin (Fig. 2). Three freshly drilled cores from the Modena
and Ferrara alluvial plain (Cores 1-3 in Figs. 1 and 3), 40-50 m long, were used as reference for
facies analysis and palaeosol characterization. Coring was performed through a continuous
perforating system, which guaranteed an undisturbed core stratigraphy. We also selected 40 out of
250 detailed field logs from the database of the Emilia-Romagna Geological, Soil and Seismic
Survey (RER), covering a wider area (Fig. 1). Lithology, colour, and accessory components is the
typical information available for each borehole. We adopted availability of the following key
aspects as decisive for borehole selection: (i) pocket penetration values, (ii) colour description, (iii)
reaction to HCl, (iv)
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C dating, (v) pollen data, (vi) photographs. Pocket penetration values,

available uniquely from fine-grained (silt and clay) stratigraphic intervals, were stored in a specific,
geo-referenced database and plotted as vertical profiles on the individual logs. In order to perform
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stratigraphic correlations within the time window of radiocarbon dating, we adopted a 40 m depth
cut-off. Beyond this depth, penetration values appear to be affected by over-compaction.

Figure 3. Detailed stratigraphy of reference cores 1 to 3, including facies interpretation, pocket penetration profiles
and stratigraphic position of the 15 palaeosols identified. See Figure 1, for location. Paleosols are fingerprinted by the
highest penetration values. C: clay, S: sand, G: gravel.

4. Sedimentary facies

In order to evaluate the relationships between depositional facies and resistance to penetration,
detailed facies analysis and pocket penetrometer measurements were undertaken on three reference
cores (cores 1-3 in Fig. 3). Five facies associations were distinguished on the basis of grain size
trends, accessory components, colour and consistency.

4.1 Fluvial-channel facies association

Description. This facies association is made up of single-storey, coarse to medium sand bodies,
up to 6 m thick, with erosional lower boundaries (Fig. 4a) and internal fining-upward (FU) trends.
The upper boundary to the overlying muds is either sharp or gradational. Pebble layers and wood
fragments are locally abundant in the lower part of the unit. No fossils were observed in this facies
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association. Locally preserved sedimentary structures include unidirectional high-angle crossstratification. Pocket penetration tests do not operate in sands, and for this reason no penetration
values are available from this facies association.

Interpretation. The combination of textural properties, FU trends, erosional base and
sedimentary structures enables interpretation of this facies association as fluvial-channel deposits.
This interpretation is supported by the presence of unidirectional flow structures and abundance of
floated wood. The sharp boundary to the overlying mud-prone deposits reflects abrupt channel
abandonment, whereas transitional contacts suggest gradual abandonment. Simple core examination
does not allow subdivision of this facies. As a whole, single-storey sand bodies are likely to
represent point bar deposits.

4.2 Crevasse and levee facies association

Description. This facies association consists of fine sand bodies, generally less than 1.5 m thick,
and silts and silty sands alternating on a cm scale (Fig. 4b). The sand layers exhibit (i) sharp base
and gradual top, with internal FU trends, or (ii) gradual transition from the underlying muds, with
sharp top and coarsening-upward (CU) tendency. Compressive strength coefficients derived from
pocket penetration tests measured on silt intervals are invariably < 2.5 kg/cm2.

Interpretation. The highest sand/mud ratios recorded within this facies association are
interpreted to reflect proximity to fluvial channels. In particular, sand layers with sharp base and
gradual transition to the overlying muds are interpreted to have been deposited in crevasse channels,
while sand layers with gradual base and sharp top are likely to reflect crevasse splays. Heterolithic
units made up of silt-sand intercalations are interpreted as natural levee deposits, with sand
proportion decreasing with increasing distance from the channel axis.

4.3 Floodplain facies association

Description. This facies association is made up of a monotonous succession, up to 9 m thick, of
thoroughly bioturbated, variegated (5YR 8/1, 2.5Y 7/2-5, 5Y 6/1) silts and clays (Fig. 4b). Roots
and plant remains are commonly encountered. Iron and manganese oxides are abundant. No
sedimentary structures were observed, with the exception of faint horizontal lamination.
Concentration of organic matter is locally encountered. Thin very fine sand beds with sharp base
42

were occasionally seen. Pocket penetration values for this facies association commonly are in the
range of 1.5 and 2.5 kg/cm2 (average value 2.0 kg/cm2).

Interpretation. Based on the dominance of bioturbated and oxidized muds, this facies association
is interpreted to reflect background deposition of mud from suspension, in a low-energy, subaerially
exposed depositional environment (floodplain). Lack of sedimentary structures is due to
bioturbation. Local grey, organic-rich clays are likely to reflect areas of low topographic relief with
poor drainage and high water table. The thin sand layers reflect the distal fringes of either crevasse
splays or levee deposits.

4.4 Freshwater swamp facies association

Description. Soft grey and dark grey clays (7.5YR 7/1, 5YR 5/1), with subordinate silts and
sandy silts compose this facies association, up to 1.8 m thick. Plant debris, wood fragments and peat
layers are frequently encountered (Fig. 4c). Vertical variations in grain size, at a few cm scale, and
thin organic-rich layers confer a characteristic horizontal lamination to this facies association.
Extremely rare carbonate concretions are encountered. Iron and manganese oxides are absent. This
facies association is typified by very low pocket penetrometer values, almost invariably lower than
1.2 kg/cm2 (Fig. 3).

Interpretation. Organic soft clays with abundant plant fragments are interpreted to have been
deposited in paludal environments under predominantly reducing conditions. Horizontal lamination
is inferred to be the result of the progressive accumulation of organic material, interrupted by
occasional flood events. Very low resistance penetration values reflect undrained conditions and
submergence. Temporary phases of subaerial exposure, with consequent lowering of the water
table, are inferred to have been responsible for local hardening of the clay and the formation of
scattered carbonate concretions.

4.5 Palaeosols

Description. Visual examination and manipulation of cores 1-3 with respect to colour, texture
and plasticity led to recognition of 15 relatively stiff clay horizons, intercalated at various
stratigraphic levels within floodplain deposits (Fig. 3). These clay horizons are commonly identified
by the combination of dark, brownish (10YR 3/2, 2.5Y 3/1) colour and no reaction with acid. The
43

organic clay generally overlies, with gradual transition, lighter (10YR 8/2, 2.5Y 8/2), iron mottled
clays and silts, rich in carbonate concretions (Fig. 4d-e). The organic horizons and the associated
carbonate-rich clays are typified by substantially higher penetration values than those recorded in
the overlying and underlying floodplain clays (Fig. 3). In particular, the darker horizons display
average coefficients of compressive strength around 3.5 kg/cm2, while the underlying carbonaterich horizons are even more consolidated (average penetration values 3.9 kg/cm2). An abrupt
increase in compressive strength, of at least 1 kg/cm2 relative to the overlying deposits, commonly
marks the upper boundary of the organic layers (Fig. 3).

Interpretation. Based on field observations, the indurated horizons are interpreted as weakly
developed palaeosols (Inceptisols of Soil Survey Staff, 1999), marking short-lived phases of
subaerial exposure, on the order of 3,000-4,000 thousands of years (Amorosi et al., 2014). The
Inceptisols are mostly developed on floodplain muds and seem to alternate rhythmically with nonpedogenized, heterolithic intervals of small channel belts and crevasse/overbank facies. The dark,
organic-rich clays reflect accumulation of organic matter and leaching of calcium carbonate in
topsoil (A) horizons. The underlying clays include pedogenic calcium carbonate, and are inferred to
represent Bk or calcic horizons, subject to fluctuating redox conditions and processes of iron
dissolution and redeposition. Highly compacted
sediments of pedogenic origin, with similar
sedimentological

features

and

unconfined

compressive strength coefficients of about 4-5
kg/cm2, have been reported about 120 km NE of the
study area, from the subsurface of the Venice
lagoon (Donnici et al., 2011). In humid to
subhumid climates, Inceptisols similar to those
observed in cores 1 to 3 have been interpreted to
represent subaerial exposure of a few thousands of
years only (Retallack, 2001; Buol et al., 2011).
Figure 4. Representative core photographs of the study
succession (bottom: lower right corner). a: Erosional lower
boundary of a fluvial-channel sand body (FC) above
floodplain clays (F). b: Floodplain clays (F) gradually
overlain by crevasse/levee sandy silts (CL). c: Freshwater
swamp clays and peat. d: Inceptisol (with differentiation into
A and Bk horizons) overlain by floodplain silts and clays.
Core 2, 17-18 m depth (palaeosol D in Fig. 6). e: Close-up of
an Inceptisol, with subdivision into A and Bk horizons. Core
2, 27 m depth (palaeosol G in Fig. 6). Core width is 10 cm.
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5. Stratigraphic architecture

Reconstructing the stratigraphic architecture of distal alluvial plain successions is a very difficult
task. In this particular fluvial setting, sand bodies are mostly ribbon-shaped and lack of laterally
continuous marker horizons may represent a strongly inherent limitation to stratigraphic
correlations. Subsurface stratigraphy in the study area was tentatively reconstructed along an
approximately SW-NE oriented, 35 km-long transect (Fig. 5), on the basis of accurate facies
analysis of three continuous cores (Fig. 3), and with the aid of five conventional field logs. Standard
core descriptions were converted to facies association (Fig. 5) using sedimentological concepts that
incorporated the simple lithologic information available with a list of accessory components. The
chronological framework was partly constrained by eight radiocarbon dates (Fig. 5).

Figure 5. Stratigraphic correlation panel across the study area, showing stratigraphic architecture of distal alluvial
plain deposits based upon facies analysis of cores 1-3, facies interpretation of five core descriptions, and eight
radiocarbon dates (the asterisk indicates one radiocarbon date projected from outside the section profile). Palaeosols are
poorly identified by standard core descriptions (with the sole exception of core 202S1), and cannot be used as reliable
stratigraphic markers. For section trace, see Fig. 1.

Strong uncertainties associated with stratigraphic correlation affect the accuracy of facies
architecture reconstruction in Figure 5. In particular, low data density combined with poor-quality
stratigraphic data make the reconstruction of subsurface stratigraphy problematic, and several
alternative stratigraphic scenarios could be generated on the basis of the data available. Palaeosols,
distinctive features that could potentially act as marker horizons, are clearly identified within
reference cores 1-3, where their relatively low maturity indicates short stratigraphic breaks in
rapidly aggrading deposits. In contrast, they are almost totally neglected by the available core
descriptions, with the sole exception of core 202S1 (Fig. 5). Owing to difficult correlation between
45

wells, palaeosols appear as highly discontinuous features and cannot be integrated into a welldefined architectural framework.
A marked change in fluvial architecture is observed approximately across the PleistoceneHolocene boundary (Fig. 5), which marks an abrupt upward decrease in the proportion of fluvialchannel bodies (and related overbank and crevasse sandy deposits). The individual sand bodies are
generally 3-8 m thick and appear to cluster at two distinct stratigraphic levels (between +2 and -6 m
a.s.l., and between -12 m and – 20 m a.s.l., respectively, in Fig. 5). Fluvial bodies are mostly
isolated in the overlying Holocene section, where they are associated to an abundance of swamp
clays. The greater lateral continuity of the late Pleistocene channel-related deposits suggests
deposition during phases of slowed accommodation. Based on the age of these deposits (Fig. 5), we
assign the major sand bodies to the last phases of sea-level fall (late forced-regressive systems tract
or FST in Fig. 2) and to the lowstand systems tract (LST in Fig. 2). Owing to poor data coverage
(average borehole spacing is ca. 4.5 km, i.e., remarkably greater than the width of the individual
channel bodies), we cannot constrain precisely the lateral extension of fluvial sand bodies, nor their
hypothetical connectivity. As a consequence, channel-belt geometries in the cross-sections of
Figure 5 represent a main uncertainty, and are highly speculative.
Upwards, the abrupt change from sand bodies with possible high degree of interconnectedness,
to predominantly muddy units, with mostly isolated, ribbon-shaped sand bodies, reflects a sudden
drop in the sediment supply/accommodation ratio (Dreyer, 1993; Shanley and McCabe, 1994;
Martinsen et al., 1999; Huerta et al., 2011), which may testify the sedimentary response to the
Holocene sea-level rise (cf. Olsen et al., 1995; Posamentier et Allen, 1999; Ainsworth, 2010). In
terms of sequence stratigraphy, this part of the sedimentary succession includes the TST+HST (Fig.
2).

6. Inferring palaeosols from conventional core descriptions

It is readily apparent from the stratigraphic panel of Figure 5 that key features for alluvial
architecture, such as palaeosols, can be easily missed in conventional field logs. As a result,
standard core descriptions have considerably lower potential for cross-correlations of alluvial
deposits than those performed by an experienced sedimentologist (see reference cores 1-3 in Fig. 3).
In this context, specific physical characteristics and engineering properties that can be extracted
from routine core descriptions, such as simple lists of pocket penetration values, appear as a
powerful tool to reduce significantly stratigraphic uncertainty. With specific reference to the 15
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weakly developed palaeosols identified in cores 1-3, attributes that are commonly reported by
geotechnical data sheets and that can be used for palaeosol identification include (Fig. 3):
(i)

Colour. All Inceptisols identified in the study area have dark brown to black coloured ‘A’
horizons, underlain by lighter, calcic ‘Bk’ horizons (Fig. 4d-e). This diagnostic palaeosol
horizonation can often be deduced from conventional stratigraphic descriptions.

(ii)

Soil reaction to dilute hydrochloric acid. In the visual classification scheme developed by
the Emilia-Romagna Geological, Soil and Seismic Survey for testing the carbonate
content by effervescence of reaction, which incorporates five categories (from 0 = acid
unreactive, to 4 = violent HCl reaction, with bubbles forming immediately), the ‘A’
horizons invariably fall into lowest category (0), while the underlying ‘Bk’ horizons
show the highest reaction with acid (class 4). As a consequence, where ‘0’ category is
found to overlie a ‘4’ class, the two adjacent horizons are strongly suspected to represent
an Inceptisol.

(iii)

Diagnostic penetration values. A wide range of compressive strength coefficients typifies
the alluvial succession investigated in this study. However, while non-pedogenized
floodplain deposits invariably display pocket penetration values lower than 3 kg/cm2,
with average value of 2.0 kg/cm2 (Fig. 3), the 15 palaeosols recognized in cores 1-3
display remarkably higher average values, of 3.5 kg/cm2 (A horizon) and 3.9 kg/cm2 (Bk
horizon), respectively (Fig. 3).

Re-examination of the existing stratigraphic logs on the basis of the above features, with special
emphasis on vertical pocket penetration profiles, results in identification of a significantly higher
number of potential palaeosols. The correlation panel of Figure 6, which traces out the same crosssection of Figure 5, highlights the influence of penetration test interpretation on well-to-well
palaeosol correlations. If plotted as vertical profiles, pocket penetration values within alluvial
deposits reveal a clearly defined set of stiff, highly compacted horizons, where compressive
strengths are generally > 3 kg/cm2, and across which penetration values show abrupt increase of 1
to 2 kg/cm2 (Fig. 6). The palaeosols recognized on the basis of compressive strength profiles are
stratigraphically well correlatable with those identified in cores 1-3 (Fig. 6).
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Figure 6. Same cross-section as Figure 5, with re-interpretation of stratigraphic architecture on the basis of palaeosol
stratigraphy. Palaeosols are identified via pocket penetration profiles calibrated with reference cores 1-3. For section
trace, see Fig. 1.

Consistent with recent observations from the subsurface of Bologna (Amorosi et al., 2014),
about 30 km SE of the study area, twelve prominent Inceptisols (A to L in Fig. 6) represent the key
stratigraphic features of the study succession. These palaeosols display relatively flat to slightly
undulating geometries, which may reflect antecedent topography, lateral changes in sediment
compaction, or both. Several palaeosols can be tracked over distances of tens of km on the basis of
pedogenic features, stratigraphic position and radiometric dating (see the caranto palaeosol of the
adjacent Venetian-Friulian Plain – Fontana et al., 2008; Donnici et al., 2011). In general, palaeosols
assessed using pocket penetration values represent laterally extensive marker horizons that can be
used for bracketing packages of stratigraphic significance.
The resulting palaeosol-bounded depositional units are approximately 3-5 m thick, and appear to
have been developed during time intervals of a few thousand years, which could reflect interacting
millennial-scale glacio-eustatic and climatic control during the late Quaternary (see Blum and Price,
1998). In this stratigraphic scenario, where palaeosols are used to guide interpretation of facies
distribution, channel bodies appear to be clustered at more than two stratigraphic intervals (compare
Figures 5 and 6), hence providing the basis for a more realistic stratigraphic scenario and for
detailed reconstruction of channel migration pathways through time. When traced laterally over
lenticular fluvial bodies, palaeosols become progressively less pronounced, appear to merge in a
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complex manner, and eventually disappear (Fig. 6). Unfortunately, limited data density and lack of
geophysical profiles (see the use of ground-penetrating radar of Bennett et al., 2006, as an example)
hamper the accurate investigation of the relationships between palaeosol formation and channel-belt
development.
Using the same combination of colour, carbonate content and distinctive pocket penetrometer
signature as diagnostic criteria for palaeosol identification, we performed the re-interpretation of 40
core descriptions from the Regione Emilia-Romagna database (see Fig. 1, for cores location), from
which a total of 39 palaeosols had been reported. This re-interpretation led to recognition of 118
(inferred) Inceptisols. Compressive strength coefficients across both non-pedogenized floodplain
deposits and interpreted ‘A’ and ‘Bk’ horizons are consistent with those observed from reference
cores 1-3 (Fig. 7). In particular, pocket penetration values from organic-rich (‘A’) horizons are
centered at 3.0 kg/cm2, whereas calcic (‘Bk’) horizons
show a modal value of 3.5 kg/cm2. The ‘normal’, nonpedogenized floodplain deposits exhibit remarkably lower
compressive strength (average value 2.0 kg/cm2).
Although we cannot place absolute confidence in our
interpretations of the geotechnical dataset, and thus slight
palaeosol overestimation is possible, the remarkably (three
times) higher number of palaeosols recognized through our
technique suggests that simple re-examination of available
core descriptions in terms of colour, carbonate content and
pocket penetration profiles might lead to considerable
refinement of stratigraphic architecture in the study area
(compare Fig. 6 with Fig. 5).
Figure 7. Histograms of soil strength (pocket penetrometer)
estimates obtained from 40 core descriptions of the RER database (see
Fig. 1 for cores location), including 120 non-pedogenized floodplain
core observations and 118 palaeosols, subdivided by A/Bk horizons.
Asterisks refer to the average pocket penetration values obtained from
the same depositional facies in reference cores 1-3.

7. Compressive strength properties of palaeosols

We have documented that the late Quaternary
Inceptisols of the southern Po Plain exhibit distinctive geotechnical signature, being characterized
invariably by higher penetration values than non-pedogenized floodplain deposits. A sharp increase
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in penetration values is generally recorded atop the pedogenized horizons: this feature is due to
exposure to a few thousand years of subaerial conditions, which made the sediment surface
desiccated and unsaturated, resulting in considerable increase in compressive strength.
Pedogenically modified muds with high compressive strengths have been reported from several
papers, with values 2-4 times higher than that of the overlying unexposed deposits (Park et al.,
1998; Choi and Kim, 2006). In the study area, pocket penetration tests proved to be highly sensitive
to palaeosol identification (Donnici et al., 2011), with compressive strengths commonly 1.5-2.5
times higher than those recorded from the overlying/underlying floodplain deposits (Figs. 3 and 7).
Although, in general, palaeosols are easy to identify by their highly consolidated nature, vertical
changes in physical properties through individual palaeosol horizons appear to follow complex
patterns. Previous interpretations of (piezo)cone penetration tests across palaeosol-bearing
successions have shown that the upper boundaries of palaeosols may appear as gradational and
defined as zones, rather than sharp surfaces (Amorosi and Marchi, 1999; Choi and Kim, 2006). The
same can be said for the pocket penetration signature of palaeosols (compare with Figs. 3 and 6).
Despite a certain variability of soil types and wide range of penetrometer resistance, a consistent
increase of penetrometer measurements is recorded at the boundary between non-pedogenized and
pedogenized deposits (top A horizon – Figs. 7 and 8). The compressive strength, however, is even
higher at the boundary between the A horizons and the underlying Bk horizons (Figs. 7 and 8).
Owing to this two-step increase in pocket penetrometer resistance, palaeosols are likely to offer
two slightly offset images (on the order of 30-50 cm), each representing the different perspective of
a distinct viewer. While on one hand a soil specialist would define a palaeosol on the basis of its
horizonation, thus placing its top at the upper boundary of the A horizon, an interpreter of
geotechnical profiles could be inclined to place the top of the same palaeosol in a lower position, at
the A/Bk boundary, i.e., where compressive strength is highest (Fig. 8). The lower compressive
strengths values invariably recorded in the A horizons relative to the Bk horizons could reflect: (i)
temporary re-saturation of the uppermost palaeosol at time of burial, (ii) a simple weathering effect,
which would contribute to the softening of the soil through an increase in soil moisture and physical
disruption (Choi and Kim, 2006), (iii) the presence of diffuse carbonate concretions, which might
enhance the resistance values of the Bk horizon.
The overall consistency between penetration profiles recorded under different operating
conditions (the 40 cores of Figs 1 and 7 were recovered over a time interval of 10 years by distinct
drilling companies) indicates that the inherent quantitative nature of penetration tests can provide
reliable constraints to palaeosol stratigraphy in the study area and, in general, comparable results,
even when penetration tests are carried out with different equipment and following different
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procedures. The robustness of this method suggests that pocket penetrometer values from summary
logs can be used as an inexpensive, powerful tool in the alluvial stratigraphy of unconsolidated
Quaternary deposits to enhance the detection and successful prediction of palaeosols.
Conversely, reliance on correlations based uniquely on pocket penetration profiles can be
problematic, and we strongly encourage to carry out detailed calibration with cores before any
interpretation of penetration profiles is performed with confidence. It should be kept in mind that a
simple increase in pocket penetration values has little
objective sedimentological expression. Not all shifts
in compressive strength are unequivocally related to
palaeosol development, and abrupt changes in
penetration values may simply reflect sharp facies
changes. In this regard, additional information, such
as dark colour, occurrence of organic material and
carbonate accumulation, should not be overlooked in
palaeosols estimation.

Figure 8. Idealized penetrometer readings of A and Bk
horizons from in-situ measurements in the study area (based on
the histograms of Fig. 7). Note the two-step increase of mean
penetrometer resistance atop horizons A and Bk. The highest
values invariably mark the A/Bk boundary.

8. Conclusions

In order to save money and increase research capability, optimizing the contribution of all
available data is a primary need for subsurface stratigraphic interpretation. When facies analysis is
carried out uniquely through point data (cores, stratigraphic logs) with poor spatial information, reinterpretation under a sedimentological perspective of pre-existing core descriptions, such as field
logs from municipalities or private drilling companies, may be crucial to increase the accuracy of
stratigraphic analysis before a new exploration campaign is undertaken.
Palaeosol identification is an essential part of the stratigraphic interpretation process. However,
the presence of palaeosols is often neglected by an untrained observer. Descriptive logs can be
highly subjective, especially when the geologist’s experience is limited. In some instances,
stratigraphic descriptions are performed directly by drillers, and are very unlikely to contain
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information useful for a sedimentologist. In such instances, pocket penetration tests, a set of data
normally available from most core descriptions, may provide objective information on
sedimentological characteristics not recognized at time of core description.
This study, by focusing on the late Quaternary deposits of the southern Po Plain, shows that
integration of simple geotechnical (pocket penetrometer resistance) data with accurate facies
analysis from even a limited number of cores can be effective in identifying pedogenically modified
muds, thus enlarging significantly the number of control points and increasing their value in
building a reliable high-resolution stratigraphic framework for unconsolidated alluvial sediments.
Through calibration with facies analysis and radiometric dating from three late Quaternary cored
successions of the southern Po Plain, we documented the repeated alternation of 12 pedogenized
horizons (Inceptisols A-L) with non-pedogenized, alluvial strata. These palaeosol-bounded
packages, 3-5 m thick and spanning intervals of a few thousand years, can be physically traced over
distances of tens of km, allowing the identification of sedimentary packages of chronostratigraphic
significance. Palaeosol horizonation plays a fundamental role in shaping the geotechnical response
of palaeosols to pocket penetration, the maximum increase in penetration resistance being observed
at the boundary between the A and Bk horizons.
In spite of simple identification of heavily overconsolidated horizons via pocket penetration
tests, the interpretation of compressive strength profiles is not unequivocal, and this technique
should never replace visual inspection of cores. To be of maximum benefit when setting up a
comprehensive stratigraphic study, pocket penetration tests should necessarily be calibrated with
accurate core descriptions at selected study sites.
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Abstract

Previous sequence-stratigraphic work has emphasized the key role of paleosols and
associated sand-dominated fluvial bodies as key features for interpreting alluvial architecture. The
temporal resolution of the ancient record is, however, insufficient to fully explain the complex
relationship between soil formation and the evolution of fluvial systems under changing sea-level
and climate conditions. In this paper, we present a detailed record of paleosol-channel belt
relationships reconstructed from the subsurface of a rapidly subsiding region (Po Plain, Italy) that
spans almost all of the last glacial/interglacial cycle (~120 kyr BP). the studied succession preserves
a systematic bipartite zonation into a thick paleosol-bearing segment close to the basin margin and a
sand-dominated interval, with vertically amalgamated channel-belts, in an axial position. Individual
paleosols are weakly developed, and represent key stratigraphic markers that can be traced
basinwide into adjacent, essentially contemporaneous, unconfined channel-belt deposits. Unlike
conventional models of late Quaternary alluvial-coastal plain systems, no persistent incised valley
was established in the Po system during the last glacial/interglacial cycle. Continuous
accommodation was the key depositional control on alluvial stratigraphy during the prolonged (~90
kyr) phase of Late Pleistocene sea-level fall, which led to the deposition of a thick, dominantly
aggradational alluvial succession. The development of shallowly incised, short-lived valley systems
took place only at the transition to glacial stages associated with substantial sea-level drop (MIS
3/2, and possibly MIS 5/4 transitions). This study shows that in rapidly subsiding settings with high
rates of sedimentation, incised valley systems may be replaced by aggradationally-stacked,
essentially non-incised fluvial bodies. In these cases, overbank packages bounded by immature
paleosols represent the most likely alternative to the highly-weathered interfluve paleosol predicted
by classic sequence stratigraphic models. Fourth-order sequence boundaries and lower-rank
erosional surfaces may be easily confused at the ~100 kyr scale, and transgressive surfaces, defining
the onset of retrogradation, may become the most readily identifiable sequence-stratigraphic
surfaces.

1.Introduction

The development of an integrated model that includes paleosols, fluvial facies, and
associated bounding surfaces is crucial to prediction of non-marine stratigraphic architecture. In
sequence-stratigraphic studies, integration of paleopedological data with regional sedimentological
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and stratigraphic information has resulted in a powerful approach to the genetic interpretation of
interfluve surfaces and their associated paleovalley systems (McCarthy and Plint, 1998; McCarthy
et al., 1999).
Previous work from the ancient record has documented paleosol-channel belt relationships
from superbly exposed outcrops, including the Eocene Willwood Formation (Bown and Kraus,
1981; Kraus and Bown, 1993; Kraus, 2002), the Cenomanian Dunvegan Formation (McCarthy et
al., 1999; McCarthy and Plint, 2003), the Jurassic Morrison Formation (Demko et al., 2004), the
Triassic Chinle Formation (Cleveland et al., 2007; Dubiel and Hasiotis, 2011; Trendell et al., 2012),
and the Carboniferous cyclothems of Nova Scotia (Gibling and Bird, 1994; Tandon and Gibling,
1994; 1997). However, when charged with predicting the extent to which sea-level or climate
changes will affect regional configuration and stratigraphic architecture on time scales typically
attributed to autogenic processes (on the order of few thousand years), these models suffer from
poor chronologic resolution and may yield a range of possible interpretations (Wright and Marriott,
1993; Kraus and Aslan, 1999; Atchley et al., 2004).
Recent stratigraphic studies focused on Quaternary depositional systems, because of their
high-resolution climatic and eustatic records (Blum and Törnqvist, 2000). The Quaternary, for
which dense, high-resolution sea-level and climate data are available, represents an interval of time
where process controls are well established. In this regard, well-constrained Quaternary systems,
especially in close temporal proximity to the Holocene, can be used to develop reliable predictive
models in ancient rocks (Blum et al., 2013).
The use of soil in mapping Quaternary sediments is a well-established method (Morrison,
1976). Quaternary pedostratigraphy, however, has focused predominantly on paleosols developed
on fluvial terraces (Bestland, 1997; Ufnar, 2007; Eppes et al., 2008) or parts of loess-paleosol
sequences (Kemp et al., 1995; Zhisheng & Porter, 1997; Berger et al., 2002), with the aim being to
reconstruct pedosedimentary processes, climate change or landscape evolution (Mahaney et al.,
1993; Feng and Wang, 2005; Kemp et al., 2006; Schellenberger and Veit, 2006; Sheldon and Tabor,
2009).
Owing to the laterally limited extent of core and well-log information, and subsequent
problems with correlation, high-resolution stratigraphy of Quaternary paleosol-bearing successions
has seldom been applied to alluvial deposits in subsurface and to core analysis, with few exceptions
(Wallinga et al., 2004; Srivastava et al., 2010; Tsatskin et al., 2015). As a result, substantial gaps in
knowledge remain about the temporal significance of stratigraphic hiatuses when comparing
outcrop to core, or the Quaternary to the ancient record.
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The stratigraphy of the coastal portion of the Po Plain has been extensively studied over the
last 20 years based on refined core analysis (Amorosi et al., 1999; 2004; 2005; 2008; Stefani and
Vincenzi, 2005). However, owing to the difficulty of tracing reliable stratigraphic markers in fully
non-marine deposits, very few detailed studies have documented subsurface stratigraphy in the most
proximal, entirely non-marine segment of the plain (Amorosi et al., 2014; 2015). The recent
application of pedostratigraphic concepts at the Po Basin margin, in the Bologna area (Fig. 1), has
led to very promising results from the perspective of fluvial architecture, highlighting the presence
in subsurface of a prominent suite of laterally extensive, weakly developed paleosols formed during
the prolonged phase of sea-level fall that accompanied the Late Pleistocene glacial period. In
particular, two major phases of pedogenesis associated with channel-belt development were
identified on the basis of radiocarbon dating (Amorosi et al., 2014): (i) at the Marine Isotope Stage
(MIS) 3/2 transition (29-26 cal kyr BP), and (ii) at the Pleistocene-Holocene boundary, coincident
with the Younger Dryas cold event (13-11 cal kyr BP).
The primary objective of this article, which focuses on a 3,800 km2 portion of the subsiding
southern Po Plain (Fig. 1), is to outline through a chronologically well-constrained subsurface
investigation, the development of a wide array of laterally extensive, weakly developed paleosols
during the last glacial period, i.e. under generalized conditions of sea-level fall. Specific aims are:
(i) to offer, from a continuously subsiding system, an alternative model to valley incision associated
with base-level fall; (ii) to propose a modern analog perspective on the genetic relations between
paleosols and adjacent channel-belt systems on higher-resolution time scales than those normally
available from the ancient
record; (iii) to provide
documentation

of

geotechnical core logging
(piezocone
tests

and

penetration
pocket

penetration values) as a
powerful tool for paleosol
identification and tracking
in unconsolidated deposits.

Figure 1. The southern Po
Plain, Italy, with locations of the
cross-sections
and
cores
discussed in the text.
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2. Geologic setting

The Po Plain is the surface expression of a rapidly subsiding foreland basin, in direct
connection in the east with the Adriatic Sea. The Po Basin is bounded to the south by the Apennines
and to the north by the Southern Alps (Fig. 2). These two mountain chains are fold-and-thrust belts
with opposite structural vergence (Ricci Lucchi, 1986; Doglioni, 1993), and represent distinct
sources of sediment for the Po Basin. With a total length of 652 km, the Po River is the longest
river in Italy. It flows from the western Alps eastward into the Adriatic Sea, and receives a number
of transverse tributaries from both mountain chains.

Figure 2. A: Seismic profile showing the Pliocene-Quaternary Po Basin fill and its subdivision into third-order
depositional sequences (colored units – from Regione Emilia-Romagna and Eni-Agip, 1998). B: Fourth-order
transgressive-regressive sequences formed in response to Milankovitch forcing (from Amorosi et al., 2016). Crosssection line shown in insert.

The Pliocene-Quaternary sedimentary fill of the Po Basin may exceed 7,000 m in the
thickest depocenters (Pieri and Groppi, 1981; Castellarin et al., 1985). The overall basin
stratigraphy has been thoroughly depicted in the last three decades through integrated seismic
analysis (Pieri and Groppi, 1981), magnetostratigraphic studies (Muttoni et al., 2003; Scardia et al.,
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2006), and well-log interpretation (Ori, 1993). These studies, aimed firstly at hydrocarbon research
(AGIP Mineraria, 1959; AGIP, 1977) and secondly at aquifer distribution (Regione EmiliaRomagna and ENI-AGIP, 1998; Regione Lombardia and Eni-Divisione AGIP, 2000), led to the
subdivision of the basin fill into numerous third-order depositional sequences separated by regional
unconformities (Fig. 2). The youngest sequence, the lower boundary of which has an estimated age
of about 0.87 My (Muttoni et al., 2003), is subdivided into a number of lower-rank (fourth-order),
transgressive-regressive (T-R) cycles (Fig. 2), where Milankovitch-scale orbital forcing (100 ky)
was recognized as a driving factor, based on pollen evidence (Amorosi et al., 2004; 2008; 2016).
T-R cycles are easily recognized in the coastal plain, where the transgressive surfaces mark
the abrupt boundary between alluvial glacial deposits and overlying, coastal to shallow-marine
interglacial facies (Fig. 2). Close to the basin margin, at the Apennines foothills, and beneath the
modern Po River, the T-R cycles are almost entirely characterized by non-marine deposits. In this
context, based on pollen evidence, the transgressive surface (TS) has been traced approximately at
the transition from laterally-amalgamated fluvial bodies, formed under glacial conditions, to
isolated channels, characteristic of interglacial periods with an increase in accommodation
(Amorosi et al., 2008).

3. Methods

This study relies upon an extensive network of cores, well logs, and piezocone penetration
(CPTU) tests (Geological, Seismic and Soil Survey of Emilia-Romagna database) covering the
southern part of the Po Plain. From a total of several hundred boreholes, we selected 16 newly
drilled cores as key cores for our analysis. Coring was executed with a continuous perforating
system to guarantee a non-disturbed stratigraphy. Sediment cores, 24 to 52 m long, were
investigated and correlated from a sedimentological perspective. Four additional cores (EM S2, S3,
S6 and S15 in Fig. 1), up to 52 m long, were recovered as part of an extensive research and coring
program initiated by ExxonMobil Upstream Research Company. The cores were opened with a
lengthwise cut. Lithofacies characteristics, sediment texture, grain size, color and accessory
materials (fossils, plant and wood fragments) were examined , and pocket penetrometer values were
collected from fine-grained deposits.
A total of 52 field log descriptions, 69 water-well cuttings and 118 CPT/CPTU tests were
selected to develop a regional scheme of stratigraphic architecture. Facies associations identified in
core were calibrated against the CPTU test and used for stratigraphic correlations throughout the
study area. More specifically, field log interpretations provided pocket penetrometer values and
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detailed information about color, lithology, accessory materials, and reaction to HCl; while waterwell logs enabled the identification of major sand bodies. Finally, CPT/CPTU tests were used, after
calibration with adjacent boreholes, for facies characterization and lateral tracking of sedimentary
bodies, as shown in Amorosi and Marchi (1999).
The stratigraphic architecture was then reconstructed on the basis of depositional facies
correlation throughout the study area. Careful consideration was given to the identification and
lateral tracing of weakly developed paleosols as key surfaces on a regional scale. No welldeveloped paleosols were found, based on about 1,000 stratigraphic data available.
The chronostratigraphic framework was defined by a total of 100 radiocarbon dates, 44 of
which are unpublished. See Table 1 in Supplementary Material for a complete list of all radiocarbon
dated material, including core depth, uncalibrated/calibrated ages, 2σ range, facies association and
references,. Bulk samples were collected in the innermost portion of the cores to avoid
contamination by drilling-fluid. The samples were desiccated, ground, passed through 0.05 mm
sieves, and then cleaned through acid-alkali-acid pre-treatment. Twenty samples were accelerator
mass spectrometry (AMS) dated at KIGAM laboratory (Daejeon City, Korea), 22 at Laboratory of
Ion Beam Physics (ETH, Zurich, Switzerland), 15 at Beta Analytics (Miami, U.S.A.), 12 at La
Sapienza laboratory (Rome, Italy), 6 at CIRCE laboratory (Caserta, Italy), 4 at Lodyc laboratory
(Paris, France), and 21 at Enea Radiocarbon Laboratory (Bologna, Italy) using liquid scintillation
counting. The 14C dates were calibrated with Oxcal 4.2 (Ramsey and Lee, 2013), using the Intcal13
calibration curve (Reimer et al., 2013). Since the detection limit of radiocarbon dating is
approximately 50 ky BP (Reimer et al., 2013), six radiometric dates that yielded calibrated ages >
40 ky BP (see Supplementary Material), and particularly two ages > 45 ky BP (cores 203 S1 and
EM S3 in Fig. 8) should be considered with caution. However, we note that these age uncertainties
may affect correlation of the oldest paleosols, which are not the focus of this research.

4. Paleosol identification and tracing by cptu analysis

Paleosols examined in core are mostly developed within massive clay, and occasionally silt
overbank deposits. These paleosols are in general 1-2 m thick, being typified by upper
dark/brownish, organic-rich horizons, showing no reaction to 10% HCl, with transition to
underlying greyish horizons very rich in carbonate concretions (Fig. 3). These latter horizons
commonly display yellow-brownish mottled colors due to presence of Fe and Mn oxides, and show
strong reaction to 10% HCl. The dark horizons reflect the accumulation of organic matter and the
leaching of calcium carbonate in the topsoil, and are inferred to represent ‘A’ horizons. The
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underlying clays display pedogenic calcium carbonate nodules and are likely the product of
fluctuating redox conditions with iron dissolution and redeposition (‘Bk’ horizons). As with the
physical description of the core samples, Fe and Mn oxides, as well as calcium carbonate
accumulations are common in the thin-sections. Initial micromorphological analysis found no
depositional fabric / relic bedding in the A or B paleosol horizons. Occasional weak clay alignment
is observed in some of the samples but the majority of the samples display an asepic-plasmic fabric
in the soil matrix. Abundant root fragments, preserved organic matter, and weak mottling are the
most common pedogenic features observed. The above features are characteristic of weakly
developed paleosols (Inceptisols of Soil Survey Staff, 1999), which mark short-lived phases of
subaerial exposure, on the order of a few thousand years (Retallack, 2001; Buol et al., 2011).
Coeval Inceptisols from the Bologna interfluve, at the basin margin (Fig. 1), have been
shown to span intervals of about 3,000-4,000 years (Amorosi et al., 2014), and are typically
arranged in thin, paleosol-bounded overbank sequences. The paleosols used here for stratigraphic
correlation (Fig. 3) display the same characteristics as the coeval paleosols described at the basin
margin, and are assigned to the onset of the Younger Dryas (YD), to the onset of the Last Glacial
Maximum (LGM), and to Marine Isotope Stage 3 (MIS 3), respectively (see below). Paleosol YD
shows a typical single profile, whereas paleosols LGM and MIS 3 have a cumulative soil profile,
consisting of a set of vertically stacked, weakly-developed paleosols (Fig. 3).

Figure 3. Representative core photographs of the paleosols (YD, LGM and MIS 3) used in this study as prominent
marker beds (from reference cores EM S3 and S15). Paleosol YD has single soil profile, whereas paleosols LGM and
MIS 3 have a cumulative soil profile, consisting of a set of closely spaced, weakly-developed paleosols. YD: Younger
Dryas, LGM: Last Glacial Maximum, MIS: Marine Isotope Stage. Core length is 1 m.
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In general, Inceptisols are distinctive in appearance in terms of grouping or stacking at
particular stratigraphic levels. Conversely, we did not use organic soils (Histosols) for stratigraphic
correlation, since they are relatively widespread in coastal-plain facies (see below), and thus have
less stratigraphic significance.
Previous work has shown that integration of geotechnical data with accurate facies analysis
can be effective in delineating subsurface stratigraphy of unconsolidated deposits. A methodology
for estimating facies characteristics from CPTU has been developed by Amorosi and Marchi
(1999), who demonstrated that individual facies associations bear unique and consistent
compositional and engineering properties. The same technique was subsequently applied by
Lafuerza et al., (2005), Choi and Kim (2006), Sarti et al. (2012), and Styllas (2014), proving to be
useful for the high-resolution sequence-stratigraphic analysis and three-dimensional reconstruction
of alluvial to coastal successions.
In this study, we used the diagnostic signature of CPTU tests and pocket penetration
profiles for paleosol identification following calibration with core data (Fig. 4). The key
geotechnical features to infer paleosols from CPTU tests include: (i) a subtle, but consistent
increase in cone resistance (qt) with depth, (ii) a sharp peak in the sleeve friction fs (friction of the
sediment along the sleeve of the tool), recording the sharp contrast between normally consolidated
floodplain facies and underlying, stiff pedogenically modified deposits (paleosols), and (iii) an
abrupt decrease in pore pressure, with u < u0, where u0 is the static equilibrium pore pressure (Fig.
4).

Figure 4. Example of
stratigraphic log/CPTU test
calibration from core Exxon
S3,
showing
the
characteristic geotechnical
signature of paleosols. When
paleosols have a cumulative
soil
profile,
diagnostic
changes
in
pocket
penetration values and in
CPTU parameters (qt, fs and
u) are best observed at the
very
top
of
the
pedogenically
modified
interval (“LGM”). YD:
Younger Dryas paleosol,
MIS 3: Marine Isotope Stage
3 paleosols.
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Engineering properties commonly reported by geotechnical data sheets, such as simple lists
of pocket penetration values, may represent an additional, powerful tool for paleosol
characterization (Amorosi et al., 2015). In particular, pocket penetrometer resistance can be
extracted from routine core descriptions, and may provide objective information on
sedimentological characteristics not recognized at the time of core description. Pedogenically
modified muds are commonly distinguished by their compressive strength, commonly two times
higher than that recorded from overlying or underlying floodplain deposits (Fig. 4). Diagnostic
compressive strength values for paleosols were observed to vary between 2.5 and 3.5 kg/cm2 in the
A horizon, and between 3.0 and 4.5 kg/cm2 in the underlying Bk horizon (Fig. 3).

5. Sedimentary facies

This part of the study involved detailed core analysis, integrated with available stratigraphic
descriptions, and sedimentological interpretation of cone penetration tests and pocket penetration
tests. Six facies associations were identified in the cores (Fig. 5). In general, fluvial to inner
estuarine (coastal swamp) facies associations are dominant in the study area. These lithofacies
represent the proximal equivalents of the outer estuarine, coastal and shallow-marine depositional
settings documented at length at more distal locations (Amorosi et al., 1999; 2003; 2005; 2008a).
The specific characteristics of each facies are shown in Table 1.

Figure 5. Representative core photographs of the major facies associations discussed in text. Photos from cores
Exxon S2, S3 and S6 (for locations, see Fig. 1): fluvial channel sands (A), well drained floodplain silts and clays (left)
and levee silt/sand alternations (right) (B), poorly drained floodplain (C), and inner estuary / swamp (D). Core bottom is
lower left corner. Core width is 10 cm.
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Cross-Bedded Coarse to Medium Sand (Fluvial-Channel Deposits)

Description
This facies association consists of coarse to medium sand bodies (Fig. 5A), up to 10 m thick,
with fining-upward (FU) tendency, and silty sand at the top. In the north, below the modern Po
River, sand bodies are vertically stacked, forming amalgamated complexes up to 40 m thick. These
bodies are characterized by erosional lower boundaries, while the upper contacts to the overlying
muds are either sharp or transitional. Where preserved, sedimentary structures include
unidirectional, high-angle cross-stratification and sub-horizontal bedding. Wood fragments are
common accessory materials that characterize the lower portion of this unit. No invertebrate fossils
were found within this facies association. Sand bodies show a diagnostic CPTU signature, with high
cone tip resistance values (3 < qt < 20 MPa) that decrease upwards, and negative pore pressure (u <
0).
Interpretation
The main characteristics of this facies association, i.e. lithology, erosional lower boundary,
thickness, sedimentary structures and accessory materials, contribute to its interpretation as fluvialchannel deposits. This interpretation is supported by the presence of unidirectional flow structures,
and by the characteristic FU tendency, resulting from core and CPTU tests. The low pore-water
pressure reported by CTPU test indicates high permeability and a tendency to dilate. The sharp or
transitional upper boundaries to the overlying mud reflect abrupt or gradual channel abandonment,
respectively.

Cross-Bedded Medium Sand to Silt (Crevasse and Levee Deposits)

Description
With a thickness in the range of 0.2-2 m, this facies association includes two facies. Facies 1
consists of medium to very fine sand with subordinate silt. Sand bodies show either FU trends with
erosional lower boundaries or coarsening-upward (CU) tendency and sharp tops. These sand bodies
have lower cone tip resistance (3 < qt < 10 MPa) than fluvial-channel sands, along with lower porewater pressure (u ≤ 0). Facies 2 shows the rhythmical alternation of fine sand, silt and clay on a few
mm to cm scale (Fig. 5B). Sands generally display sharp lower boundaries and fining-upward
tendencies, with sharp or gradational sand-to-mud contacts. Cone tip-resistance values (qt) are in the
range of 3-8 MPa, with pore pressure values generally >> u0 in clays, and u < u0 (and locally u < 0)
in silts and sands. Compressive strength values derived from pocket penetrometer tests measured on
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clay intervals are < 2.5 kg/cm2. The main sedimentary structures are horizontal lamination and
small-scale cross lamination. No invertebrate fossils were found (Table 1).
Interpretation
This facies association is related to two major sub-environments close to the river channel.
Higher sand/mud ratios are interpreted to reflect proximity to fluvial channels, while lower ratios
indicate increasing distance from the channel axis. Medium to fine sand bodies with FU trend and
erosional bases (Facies 1) are interpreted as crevasse channels. This facies differs from its fluvial
counterpart by the lower thickness and finer grain size, both clearly testified by CPTU parameters.
Silty sand to fine sand CU deposits with gradational lower boundaries and sharp tops, on the other
hand, are inferred to represent splay deposits. Heterolithic sand-silt layers (Facies 2), reflecting
traction plus fallout deposition, are interpreted as proximal levee deposits, while silt-clay couplets
are interpreted to be distal levee facies.

Bioturbated and Oxidized Silt and Clay (Well-Drained Floodplain Deposits)

Description
This facies association is characterized by a succession of thoroughly bioturbated and
mottled silts and clays, up to several tens of m thick. Carbonate nodules, roots and plant fragments
are common accessory materials. Sedimentary structures are rare, and include faint horizontal
lamination. Yellow to brown clay variegation due to Fe and Mn oxides is very common (Fig. 5B).
Intercalated with this muddy succession are thin layers of very fine sand with sharp base. Weaklydeveloped paleosols are commonly intercalated with this facies association. Compressive strength
values from pocket penetrometer tests are commonly in the range of 1.8 and 2.5 kg/cm2, and cone
tip resistance values, qt, from CPTU tests are narrowly constrained between 1.2 and 2.5 MPa. Pore
water pressure values are >> u0 (Table 1).
Interpretation
Bioturbated and oxidized mud commonly associated with pedogenically modified horizons
is interpreted to reflect deposition in low-energy freshwater environments, prone to subaerial
exposure, such as well-drained floodplains. Thin sandy layers are identified as distal fringes of
crevasse splays or levees. Compressive strength and cone tip-resistance values are typical for
floodplain sediments (Amorosi and Marchi, 1999; Sarti et al., 2013). Pore pressure shows positive
values due to the presence of massive clay, which represents a barrier to fluid circulation.

Homogeneous Grey Clay to Silty Clay (Poorly-Drained Floodplain Deposits)
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Description
This facies association, generally less than 5 m thick, consists of bioturbated, grey to dark
grey clay and silty clay deposits, with faint horizontal lamination, abundant organic matter and
sparse carbonate nodules (Fig. 5C). Plant fragments are also common. Compared to the welldrained floodplain facies association, this muddy deposit is softer, has homogeneous color, higher
clay proportion, and typically lacks paleosols and Fe-Mn oxides. Cone resistance values from
CPTU generally range between 0.8 and 1.2 MPa, with pore pressure typically >> u0, while the
compressive strength registered from pocket penetrometer varies between 1.2 and 1.8 kg/cm2 (Table
1).
Interpretation
The absence of soil features and variegated colors suggests that deposition of this facies
association took place in a low-energy, low-elevation topographic setting with occasional subaerial
exposure, probably under conditions of high water table. Carbonate nodules were likely formed
through evaporation of ground water, at or above the water table. This facies association is likely to
represent a poorly drained floodplain, at the transition between well-drained and almost
permanently submerged environments. CPTU tests and pocket penetration values also record
intermediate values between subaerially exposed floodplain deposits and swamp facies (Table 1).

Organic-Matter-Rich Clay and Peat (Inner-Estuary and Coastal-Swamp Deposits)

Description
This facies association, up to 15 m thick, has a characteristic wedge-shaped geometry and
includes a succession of bioturbated, dark grey to black, very soft clays with subordinate silts and
sandy silts. Undecomposed organic matter, such as plant fragments, wood, root traces, and peat
layers up to 0.5 m thick, are commonly encountered (Fig. 5D). Thin sand layers with a finingupward tendency and sharp base display flat lamination. This facies association is typified by a lack
of iron and manganese oxides. Freshwater ostracods, such as Candona spp. are commonly
encountered. CPTU tests show a linear cone response, invariably below 0.8 MPa. Pore pressure
increases linearly with the depth, reflecting a uniform lithology. Small peaks in cone resistance are
generally associated with higher peaks in sleeve friction, in pore pressure and in the friction ratio
(FR= fs/qt) column. Pocket penetrometer values are almost invariably lower than 1.2 kg/cm2 (Table
1).
Interpretation
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Dark grey clay associated with abundant peat, undecomposed organic matter, and freshwater
fossils, coupled with lack of oxide variegation and non-organic paleosols, are inferred to represent
deposition in topographically depressed interfluvial areas with stagnant waters, high organic content
and reducing conditions, such as coastal swamp environments. Thick peat layers, wood residues and
root traces are interpreted to represent organic soils (Histosols). The remarkable thickness and
lateral extent of this facies association suggest persistent stagnant conditions in the inner portion of
an estuary. Very low cone resistance and linear response are consistent with undrained conditions
and submergence. The long time required to dissipate pore excess pressure (u) indicates very low
permeability. Concurrent peaks in qt, fs, u, and FR have been inferred to represent the CPTU
response to peat layers. Horizontally lamination is interpreted as the result of occasional flood
events that deposited silt to sand layers.

Mollusk-Rich Clay with Sand Intercalations (Outer-Estuary and Lagoonal Deposits)

Description
This facies association, generally less than 5 m thick in the study area, is composed of a
succession of soft, homogeneous grey clay and silty clay with rare sand intercalations, a few cm to a
few dm thick. Plant and wood fragments are only occasionally encountered. These deposits are rich
in mollusk bivalves, with local abundance of Cerastoderma glaucum shells. Seaward, sand
alternations are thicker and more abundant. Sand layers are characterized by sharp lower and upper
boundaries and FU internal trends. Cone resistance values show a linear response, an increase in
pore pressure with depth. Pocket penetration tests show compressive strength values lower than 1.2
kg/cm2.
Interpretation
Soft clays with local abundance of Cerastoderma glaucum, a typical brackish water bivalve,
are inferred to have been deposited in a barred environment partly connected to the open sea, such
as a lagoon or an outer estuary. The seaward increase in the sand-to-mud ratio reflects increasing
marine (storm and tidal) influence. On CPTU profiles this facies association is very similar to the
inner estuarine deposits. Pocket penetrometer values from this facies association are also very
similar to those of paludal deposits, and cannot be used to distinguish brackish from freshwater
paleoenvironments.
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Table 1. Summary chart of the various facies associations identified in this work.

6. Paleosol stratigraphy and associated fluvial bodies

Pedogenically modified horizons (Fig. 3) represent key markers for the high-resolution
stratigraphic analysis of the Po system. In particular, buried soils mark regional hiatuses with
distinct engineering properties that can be recognized in various types of geotechnical data (Fig. 4),
thus facilitating correlation between cores. In this work, stratigraphic correlations of weakly
developed paleosols allowed a basin scale analysis to be accomplished for the first time, over a
large portion of the Po Basin.
Soil forming processes are specific to a particular site and several factors, including local
topography, hydrology, vegetation, parent material, waterlogging, fluctuations of the water table
and local deposition rates may influence the rate of soil formation, thus leading to significant lateral
changes in soil properties (Kraus, 1999; Retallack, 2012; McCarthy and Plint, 2013; Hartley et al.,
2013; Rosenau et al., 2013). In order to prevent stratigraphic correlations from being affected by
lateral variation of paleosol characteristics across single buried surfaces, we used the stratigraphic
position of paleosols, more than soil properties, as a key to the characterization of paleosol-bounded
packages.
A high-resolution stratigraphic investigation of the subsurface in the southern Po Plain was
conducted through the construction of stratigraphic panels (Figs. 6-9). To this purpose, we selected
four transects with SW-NE orientation, from the basin margin to the Po channel belt (Fig. 1). As the
overall quality of stratigraphic resolution declines with depth, reliable correlations were obtained
from the uppermost 40 m, where well density and radiocarbon dating were sufficient to generate
refined stratigraphic reconstructions.
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Figure 6. SW-NE cross-section AA’ depicting stratigraphic relationships of paleosols and channel-belt sand
bodies from the central Po Plain (for location, see Fig. 1). Red line corresponds to the paleosol and to the base of
channel belts formed during the MIS 3-2 glacial period relative sea-level fall (LGM), whereas grey line represents
paleosol and base of the channel belt that formed in response to the Younger Dryas cold event. MIS = Marine Isotope
Stage.

Figure 7. SW-NE cross-section BB’ depicting stratigraphic relationships of paleosols and channel-belt sand bodies
from the Ferrara area (Fig. 1). Note paleosols deformation in response to active tectonics. Symbols as in Figure 5.
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Figure 8. SW-NE cross-section CC’ depicting stratigraphic relationships of paleosols and channel-belt sand bodies
from the Bologna area (Fig. 1). The LGM and YD paleosols recently identified at the basin margin (Amorosi et al.,
2014) can be traced basinwide, almost continuously from the Apennines to the Po River. Symbols as in Figure 5.

Figure 9. SW-NE cross-section DD’ depicting stratigraphic relationships of paleosols and channel-belt sand bodies
close to the modern coastal plain. Note that the Holocene succession above paleosol YD is entirely represented by
estuarine deposits. Symbols as in Figure 5.
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Taken together, all stratigraphic panels portray a consistent stratigraphic architecture of the
alluvial system along a series of margin-to-axis transects (Figs. 6-9). Regionally extensive,
pedogenically modified surfaces (and related paleosol-bounded, overbank cycles) are the dominant
stratigraphic marker to the SW, while a complex set of multilateral and multistorey sand bodies
with diagnostic pinch out in a SW direction is invariably observed downdip. For this paper, we
focused on the stratigraphic reconstruction of the axial (Po River) flow, which is directed subparallel to the Apennine thrust front (see the southern margin of the Po channel belt in Fig. 1).
Transverse (Apennine) flow, although an important component of the drainage system, is
deliberately not covered in this paper, and the four cross-sections of Figures 6-9 largely run along
the narrow, undissected region between adjacent Apennine river systems.
Overall, the composite fluvial-channel system fed by the Po River comprises up to 40 m of
sand-dominated strata, with thin mud intercalations (Fig. 7). The individual channel belts are
commonly amalgamated, yet the presence of distinct storeys of Pleistocene fluvial sands, each
eroded into the underlying one and locally separated by thin muddy intervals, denotes multiple
cycles of erosion and deposition (Figs. 6 and 7). Fluvial deposits become progressively thinner
toward the SW, where sand bodies are replaced by laterally extensive paleosols. Owing to relatively
low data density, the detailed paleosol-to-channel-belt transitions and stratal relationships at the
southern edge of the channel-belt systems may locally remain somewhat cryptic.
A precise chronostratigraphic framework for the erosionally-based, channel-belt units is
lacking. Based on sparse radiocarbon dates from the intervening muddy intervals, the lower
laterally-extensive storeys appear to be older than 40 cal kyr BP (Figs. 6 and 9). Based on these data
and on pollen profiles from correlative sections (Amorosi et al., 2004; 2008), we tentatively assign
these sand bodies to MIS 4 and MIS 3 (Figs. 6-9). Upsection, a well-developed channel-belt sand
body dated between about 30 and 20 cal kyr BP is assigned to MIS 2. The youngest channel-belt
unit is less laterally extensive (Figs. 7-9) and narrowly constrained in age between about 12 and 9
cal kyr BP (Figs. 6-8).
South of the modern Po channel belt, paleosols can be traced through much of the Po Plain,
up to the basin margin, over distances in excess of 40 km (Figs. 6-8). Though we did not perform
detailed paleosol characterization through geochemical and micromorphological analyses, the
apparently weakly developed character of all late Pleistocene paleosols over the whole study area
(Inceptisols) suggests persistence of broadly similar soil-forming conditions as the entire soil
sequence developed (Retallack, 1983).
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Poor paleosol maturity reflects cessation of deposition for only a few thousand years
(Retallack, 2012), which is confirmed by the narrow range of radiometric dates obtained from
individual paleosols. Pedogenesis acted over short intervals of time between successive flooding
events. The apparently unweathered interfluve succession includes overbank fines and heterolithic
facies, inferred to represent crevasse and levee deposits, with only minor fluvial-channel sand
bodies (Figs. 6-9).
In general, it is considerably more difficult to correlate the older paleosols, in that they are
penetrated by few cores and are beyond the

14

C dating limit. In these instances, stratigraphic

correlations were carried out exclusively on the basis of geometric criteria. In contrast, owing to
their occurrence in the time window of radiocarbon dating and their widespread stratigraphic record
in shallow boreholes, paleosols younger than 40 kyr can be traced throughout the entire study area
(Figs. 6-9).
Two prominent buried soils were identified in this work. Paleosol LGM, which caps a set of
closely spaced, weakly-developed paleosols (Figs. 3 and 4), spans approximately 5 kyr, between
about 29 and 24 cal kyr BP (see seven 14C dates in Figs. 7-9), thus corresponding with the onset of
the Last Glacial Maximum (i.e., the MIS 3/2 transition). In contrast, the hiatus associated with
paleosol YD spans the significantly shorter time interval between 12.9 and 11.5 cal kyr BP (see
seven 14C dates in Figs. 6-8), which coincides with the Younger Dryas cold event. The cumulative
soil profile of the LGM paleosol (Fig. 3) suggests that soil-forming processes around the MIS 3/2
transition were repeatedly interrupted by alluviation, and that soils had relatively short time to form
(Flaig et al., 2013), implying continuous generation of accommodation. Based on a physical
stratigraphic approach, paleosol LGM portrays the Last Glacial Maximum (lowstand) exposure
surface and is unequivocally identified on the combined basis of its composite nature and diagnostic
stratigraphic position, correlative with a considerable number of fluvial sand bodies (MIS 2
Apennine channel-belt units in Figs. 6 and 7). On the other hand, paleosol YD commonly separates
alluvial Pleistocene deposits from overlying, poorly-drained floodplain to estuarine Holocene facies
(Figs. 7-9), and represents the first basin-wide paleosol encountered beneath the ground surface.

7. Paleovalley systems versus non-incised channels

Sequence boundaries within non-marine successions influenced by high-magnitude sea-level
and climate fluctuations are typically recognized at the base of incised valley fills and in the
associated interfluve paleosols (Van Wagoner et al., 1990; Gibling and Bird, 1994; Gibling and
Wightman, 1994; Aitken and Flint, 1996; McCarthy and Plint, 1998; McCarthy et al., 1999; Plint et
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al., 2001). In these areas, the paleosol-incised valley couplet forms the fundamental trait for
reconstructing the stratigraphic architecture of fluvial deposits, and the sequence boundary is
commonly highlighted by deeply weathered paleosols developed on interfluves. However, deep
channel incision is not the only possible response of fluvial systems to falling base level or climate
change: it has been documented that there is a complete gradation from non-incised channels,
through shallowly incised systems, to very deeply entrenched valleys (Boyd et al., 2006; Gibling et
al., 2011). Similarly, it has been shown that the soil-forming intervals bracketing the sequence
boundary might consist of a complex series of vertically stacked, aggradational paleosols
(McCarthy and Plint, 2013), i.e. soil zones (Morton and Suter, 1996), cumulative paleosols or
pedocomplexes (Kraus, 1999).
A similar conclusion emerges for the late Quaternary alluvial succession of the Po Plain:
here, the sediment record of paleosols and associated fluvial bodies is punctuated by a characteristic
compound architecture made up of aggradationally-stacked, channel-belt sand bodies (Blum et al.,
2013) that correlate laterally to thin, essentially coeval paleosol-bearing cycles (Amorosi et al.,
2014). Most of these paleosol-bounded depositional packages resemble the fluvial aggradational
cycles of Atchley et al. (2013). Despite repeated periods of rapid fall in base level during the past
120 kyr, we found no subsurface evidence of deeply incised valley systems (see Morton and Suter,
1996, for the Gulf of Mexico).
Miscorrelation between individual paleosols and related channel-belt sand bodies is
possible, due to (i) low density of stratigraphic data, (ii) close stratigraphic spacing of paleosols, and
(iii) paucity of radiocarbon dates. In general, however, it can reasonably be assumed that channelbelt sand bodies comparable with the scale of individual storeys (< 10 m, such as in the case of the
YD channel belt) indicate lateral migration in essentially non-incising river channels (Fig. 10). In
contrast, wider and thicker (15-20 m) sand bodies, such as the LGM channel belt (Fig. 10), are
interpreted to reflect shallow river incision associated with low-relief incised valleys larger and
deeper than a single channel (Dalrymple et al., 1994; Shanley and McCabe, 1994; Boyd et al., 2006;
Gibling et al., 2011).
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The lower bounding surface of the LGM channel-belt, though smoothed (Holbrook, 2001;
Wellner and Bartek, 2003), involves significant erosional truncation of the underlying strata (Figs.
6-10). Our view of stratigraphic architecture implies that at the maximum extent of glaciation (MIS
3/2 transition) the Po River was confined within a shallow valley, which permitted more time for
pedogenesis on the interfluves before the valley was filled. Consistent with this hypothesis, the
LGM paleosol is more prominently developed than the YD paleosol (Fig. 3). Another potential
candidate for a shallow incised-valley fill is the sand-dominated body tentatively assigned to the
MIS 5/4 transition (Fig. 10). Unfortunately, we do not have sufficient stratigraphic data and
chronologic constraints at this stage to corroborate our hypothesis.

Figure 10. Simplified architecture of the Late Pleistocene Po alluvial system, showing distinct types of fluvial sand
bodies, paleosols, and their relationship to the sea-level curve. A shallow incised valley is reconstructed at the MIS 3/2
transition, and inferred at the MIS 5/4 boundary (uncertain correlation is expressed as question marks). LGM: Last
Glacial Maximum, YD: Younger Dryas, D-O: Dansgaard-Oeschger cycle, MIS: Marine Isotope Stage.

8. External controls on alluvial architecture

Fluvial systems may respond to a variety of allogenic controls, including eustacy, climate,
tectonics and basin subsidence. The relative impact of each of these factors in shaping alluvial
architecture has been addressed by several models (Wright and Marriott, 1993; Shanley and
McCabe, 1994). In the subsurface of the modern Po coastal plain, late Quaternary transgressiveregressive cycles with periodicities of 100 kyr (Milankovitch band) have been correlated with
globally recognized sea-level events, highlighting the role of fluctuating base level as a primary
control on sedimentation (Amorosi et al., 2004). Based on physical correlations with the adjacent
coastal successions, corroborated by pollen data, eccentricity-driven depositional cycles have been
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traced inland, within entirely non-marine deposits (Fig. 2). At these locations, thick, amalgamated
sand-dominated intervals were thought to have been formed during glacial periods, while abrupt
transitions to more isolated, ribbon-shaped fluvial bodies were delineated as lateral equivalents of
the transgressive surfaces (Amorosi et al., 2008).
In this paper, we assess a possible control on the stratigraphy by allogenic factors on a
higher resolution (sub-Milankovitch) temporal scale. The characteristic stratigraphic architecture
depicted in the previous sections indicates that the Po River system was subject to nearly
continuous aggradation during the Late Pleistocene, with poor evidence of degradational stacking
(Figs. 6-10). Similar to the Late Pleistocene Rhine-Meuse system (see Wallinga et al., 2004),
subsidence was likely the dominant factor in the continued accommodation generated in the Po
system under both sea-level fall (MIS 4 and MIS 3) and lowstand (MIS 2) conditions, which in
general prevented formation of deep valleys. A similar high-accommodation scenario due to
tectonics, with a lack of prominent incision and a lack of mature paleosols, was set out for a
Carboniferous example (Davies and Gibling, 2003).
The two most prominent stratigraphic markers outlined in this work (LGM and YD
paleosols in Figs. 6-10) have the same age and similar characteristics as paleosols “P3” and “P/H”
recently reported from the Reno River basin, a tributary of Po River, close to the Apennine foothills
(Bologna area, in Fig. 1), and dated to about 29-26 cal kyr BP (P3) and 13-11 cal kyr BP (P/H),
respectively (Amorosi et al., 2014). Though the linkage between Po River and its tributaries is
beyond the scope of this paper, stratigraphic correlation of these paleosols over distances of several
tens of km and across separate fluvial domains suggests a possible allogenic control on paleosol
architecture.
Based on the age of the LGM paleosol and its coeval, shallow paleovalley system (Fig. 10),
we hypothesize with reasonable confidence that fluvial incision took place in response to rapid
climate change at the culminating regressive phase of the MIS 3/2 transition, which saw the onset of
fully glacial conditions (Lambeck et al., 2002; Siddall et al., 2003). Though at that time the
shoreline position was about 300 kilometers from the modern shoreline, an overprint by sea-level
lowering along the low-gradient Adriatic shelf cannot be ruled out. A relative fall in sea level of 33
m, from -74 to -107 m, was associated with the MIS 3/2 transition (Cutler et al., 2003), and such a
sea-level fall might have enhanced the amount of fluvial incision. Channel entrenchment between
30 and 24 kyr BP has also been reported from a detailed study of the Rhine-Meuse system
(Busschers et al., 2005; 2007), and from other coeval incised-valley systems around the world
(Dabrio et al., 2000; Wellner and Bartek, 2003; Anderson et al., 2004; Blum et al., 2008; Kasse et
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al., 2010; Amorosi et al., 2013), reinforcing the hypothesis of an external forcing on LGM paleosol
development.
A significantly different interpretation is offered for the more immature YD paleosol, which
developed at the Pleistocene/Holocene boundary (with no sea-level change associated), and for
which changes in climate and sediment supply appear to be the driving factors. The shorter term
over which paleosol YD was formed, coincident with the Younger Dryas cold reversal, is consistent
with subsurface stratigraphy, showing a generally narrower YD Po channel-belt sand body
compared to the LGM channel belt (Figs. 6-10). Increased erosion and sediment flux in response to
the YD cold event have been reported from several coastal systems (Abdulah et al., 2004; Anderson
et al., 2004; Berné et al., 2007; Pellegrini et al., 2015; Amorosi et al., 2016). In the Central Adriatic,
this period of extreme climatic instability led to the accumulation of a >10 m-thick prograding
wedge recognized through high-resolution seismic profiles (middle TST unit of Cattaneo and
Trincardi, 1999; Maselli et al., 2011), which is interpreted as the marine equivalent of the YD
channel belt.
Concerning the pre-LGM portion of the stratigraphic record, this sedimentary succession is
associated with large chronologic uncertainties that render comparisons of soil development with
sea-level and climate changes uncertain. Based on

14

C dating, the MIS 3/2 (LGM) paleosol is

underlain by a series of immature paleosols that formed during MIS 3 and older periods, possibly
starting with the MIS 5/4 transition (see Törnqvist et al., 2003). These paleosols, which are evenlyspaced and that developed during short intervals of time (a few thousand years), might represent the
effect of multiple climatic variations, with successive, short-lived episodes of soil development
punctuated by aggradation phases. A corollary of this interpretation is that climate oscillations, such
as Dansgaard-Oeschger (D-O) events could have affected fluvial sedimentation during MIS 4 and
MIS 3, giving rise to a sedimentary record highly punctuated by paleosol-bearing cycles (Wallinga
et al., 2004). A definitive test for this hypothesis, however, requires refinement with a larger
(chronologic and geochemical) data set than the one available at present.

9. Implications for sequence stratigraphy

The ability to identify a conformable depositional sequence is dependent on the resolution of
the data presented, and very high resolution data-sets, such as those presented here, may affect the
sequence-stratigraphic hierarchy and the recognition of the key bounding surfaces (Neal and Abreu,
2009). In this regard, the late Quaternary depositional sequence of the Po Plain, developed on a time
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scale of a few tens of thousands of years, represents an end member for temporal resolution in
sequence stratigraphy.
For the late Quaternary, it is well established that 100 kyr glacio-eustatic fluctuations were
markedly asymmetric, with long phases of relative sea-level fall followed by short periods of
stabilization and rise (Chappell and Shackleton, 1986). Particularly, the creation of thick ice sheets
caused a worldwide, Late Pleistocene (post-120 kyr BP) sea-level drop of about 120 m in 90 kyr,
and the transition from interglacial to glacial conditions occurred in a stepwise fashion, with three
distinct phases of sea-level fall, at the MIS 5e/5d, MIS 5/4 and MIS 3/2 transitions (Fig. 10),
respectively (Waelbroeck et al., 2002). This higher resolution view of the Late Pleistocene
depositional sequence (4th-order sequence of Wornardt and Vail, 1991) implies that at least three
separate stratigraphic unconformities might have formed during the glacial to interglacial transition,
each having the significance of a sequence boundary (see the aggradational-degradational rhythms
of Gibling et al., 2011).
The documented presence of several internal unconformities within the Late Pleistocene
depositional sequence provides the path to turn a low-resolution stratigraphic framework into a
high-resolution one (Neal and Abreu, 2009). Particularly, evidence of degradational stacking at the
MIS 3/2 transition supports interpretation of the prominent LGM paleosol (and associated bounding
surface of the LGM channel belt) as the sequence boundary of a higher resolution (5th-order)
depositional sequence (“Stage 2 sequence boundary” of Anderson et al., 2004 – Fig. 10). The ‘LGM
depositional sequence’ spans less than 30 kyr, which is probably the shortest time interval
stratigraphically equivalent to a depositional sequence (Neal and Abreu, 2009).
On a basin scale, the amalgamated, sheet-like fluvial bodies that overlie the LGM
unconformity represent the proximal feeder system of the thick prograding delta that developed in
the mid-Adriatic shelf under sea-level lowstand conditions (Amorosi et al., 2016).
The YD paleosol has very high correlation potential, being marked by the sharp contrast
between well-drained floodplain deposits and extensive, organic-rich, paludal and estuarine facies
(Figs. 7-9). This hiatal surface, marking the base of a retrogradationally-stacked stratal succession
(Fig. 10), virtually coincides with the transgressive surface (Amorosi et al., 2016). Above the YD
paleosol, fluvial channels become isolated in a mud-prone Holocene unit, with poor channel-belt
development. This stratigraphic motif is interpreted to reflect increased accommodation rate
during(?) rapidly rising sea level (Bruno et al., 2016), and corresponds to the classic transgressive
and highstand systems tracts.
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10. Conclusions

We applied the principles of pedostratigraphy to a large sector of the Po Plain to construct a
realistic subsurface model of paleosol-channel belt sand body relationships from a rapidly subsiding
basin. To this purpose, we selected the Late Pleistocene to Holocene stratigraphic record of the
southern Po Plain as a chronologically well-constrained example of non-marine architecture. Since
paleosol characteristics may vary depending on their paleo-landscape position, we used an
allostratigraphic approach built primarily on stratigraphic position of paleosols, rather than on
individual soil features. The major outcomes of this work can be summarized as follows.
1)

The stratigraphic architecture of the Late Pleistocene fluvial succession in the rapidly
subsiding Po Basin consists of a series of aggradationally stacked, locally amalgamated
channel-belt sand bodies in lieu of a well-defined paleovalley system underlain by a
composite valley-fill unconformity. Channel bodies are focused beneath the modern Po
River and provide a nearly continuous record of falling-stage and lowstand fluvial
sedimentation spanning the entire glacial interval (MIS 4 to MIS 2), with poor evidence of
degradational architecture.

2)

A set of regionally mappable, weakly-developed paleosols (Inceptisols) was identified and
traced for tens of km across a wide portion of the Po Plain, from the modern Po River to the
Apennine margin. The most prominent paleosol developed at the onset of the Last Glacial
Maximum (LGM), i.e. during a period of abrupt climate cooling associated with significant
sea-level drop. The Younger Dryas (YD) paleosol is less developed than the LGM paleosol,
and its evolution was mainly driven by climate forcing.

3)

Basin-scale correlations permit an unequivocal link to be established between paleosol
development and generation of channel-belt sand bodies. No mature paleosol (the interfluve
sequence boundary of classic sequence-stratigraphic models) was observed(?) in cored
intervals. Cumulative paleosols (such as the LGM paleosol), made up of closely spaced,
weakly-developed paleosols separated by thin, non-pedogenized intervals, are invariably
coupled to the largest channel-belt sand bodies, reflecting sedimentation in shallowly incised
valleys. Whereas paleosols with simple soil profiles (e.g., the YD paleosol) correlate with
narrower channel belts, formed over shorter periods of time, and are not associated with
significant fluvial incision.

4)

This paper shows that in a high-accommodation fluvial setting sea-level fall may result in
very minor or no degradation. In the Po system, up-dip of the Holocene estuarine-deltaic
sediment wedge, where the long-valley (“equilibrium”) profile of the fluvial system extends
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and under conditions of high sediment flux, the system could be expected not to degrade or
incise.
5)

In the late Quaternary record, weakly-developed paleosols delineate stratigraphic surfaces
that approximate time lines and may allow continuous, high-resolution reconstruction of
alluvial architecture. Owing to their distinctive engineering properties, unconsolidated
successions of paleosols can readily be delineated based on (piezo)cone penetration and
pocket penetration tests inferred from conventional core descriptions, thus facilitating
stratigraphic correlation based on continuous cores analysis.

6)

Through a chronologically well-constrained case study related to the last 40 kyr, this paper
contributes new data to a surprisingly poor database on paleosol-channel belt relationships
of late Quaternary deposits. Weakly developed paleosols are traditionally neglected in
sequence stratigraphy, but they represent stratigraphic markers that may help disentangle
subsurface alluvial architecture of unconsolidated deposits with unprecedented fidelity and
level of detail, representing possible modern analogs for the interpretation of ancient
successions. We expect that the stratigraphic approach to mapping of weakly-developed
paleosols will open up a new area of applications to the sequence stratigraphy of buried
Quaternary non-marine successions.
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Abstract

Paleosols are commonly used to reconstruct ancient landscapes and past environmental
conditions. Through identification and subsurface mapping of two pedogenically modified surfaces
formed at the onset of the Last Glacial Maximum (LGM) and during the Younger Dryas (YD) cold
event, respectively, and based on their lateral correlation with coeval channel-belt sand bodies, we
assessed the geomorphic processes affecting the central Po Plain during the Late Pleistocene (3011.5 cal kyr BP). A shallowly-incised valley fill correlates with the LGM paleosol, which records a
stratigraphic hiatus of approximately 5 kyr on the adjacent interfluves (29-24 cal kyr BP). The
development of the YD paleosol was associated, instead, with a climatic episode of significantly
shorter duration. The 3D-reconstruction of the LGM and YD paleosurfaces provides insight into the
paleolandscapes that developed in the Po alluvial plain at the transitions between warm and cold
climate periods. Comparable features include a wide, fluvial channel belt fed by the Po River in the
north, and a NE-dipping, weakly pedogenized interfluve dissected by Apennine tributaries flowing
from the south. Architectural differences in scale and geometry include a wider (> 24 km) and
thicker (~15 m) LGM channel-belt sand body that reflects the protracted lateral migration of the Po
River at the onset of the glacial maximum. The northern margin of LGM Po channel-belt deposits
was not encountered in the study area. In contrast, a patchily distributed paleosol identified in the
north at the same elevation as the southern plateau may represent local expression of the Alpine
interfluve during the YD event.

Key words: Paleosol, Fluvial channel belt, Paleotopography, Po Plain, Quaternary

1. Introduction

The response of late Quaternary depositional systems to changing global conditions, i.e. climatic
and eustatic variations, is becoming increasingly important (Blum and Törnqvist, 2000), as it can
help in depicting possible scenarios of evolution of modern landscapes in response to future climate
change (Rahmstorf, 2007; Church et al. 2013).
During the past few decades, researchers have focused on the natural record of
glacial/interglacial cycles, with particular emphasis on the sedimentary response of Quaternary
fluvial systems to climate forcing (Antoine, 1994; Bridgland, 1994; Lowe and Walker, 1997; Aslan
and Blum, 1999; Blum et al., 2000, Straffin et al., 2000; Ishihara et al., 2012). Dramatic changes in
fluvial architecture may reflect changes in climate conditions; for example, highly interconnected
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and laterally extensive fluvial-channel bodies are commonly encountered in the sedimentary record
at the transition from interglacial to glacial periods (Blum and Valastro 1994; Blum et al., 1994;
Amorosi et al., 2008). Wide channel-belt sand bodies typically occur at the base of incised-valley
systems (Blum et al., 2013), and are associated with deeply weathered paleosols on top of adjacent
interfluvial areas (interfluve sequence boundary of McCarthy and Plint, 1998). In rapidly subsiding
regions, however, the development of a single, mature paleosol can be hindered by continuously
generated accommodation. In these settings, the sequence boundary is represented by a complex
series of aggradationally-stacked, weakly-developed paleosols (Morton and Suter, 1996, Kraus,
1999, McCarthy and Plint, 2013). A similar soil configuration has been documented for the rapidly
subsiding Po Basin in northern Italy (Amorosi et al., 2017).
Soil mapping in sequence stratigraphy has traditionally been applied to pre-Quaternary
successions, where highly weathered paleosols were used as powerful stratigraphic markers within
monotonous alluvial clay-rich successions (Bown and Kraus, 1987; Platt and Keller, 1992; Wright
and Marriott, 1993; Kraus, 1999; McCarthy et al., 1999; Trendell et al., 2012). In fact, paleosols
have been mapped in outcrop for tens of kilometers (Van Wagoner et al., 1990; Wright and
Marriott, 1993; Aitken and Flint, 1996; Plint et al., 2001; McCarthy and Plint, 2003; Demko et al.,
2004; Gibling et al., 2005; Hanneman and Wideman, 2006; Vacca et al., 2012). In contrast, studies
involving weakly-developed paleosols have focused mainly on their morphological characteristics
(Mahaney et al., 1993; Kraus, 1999; Feng and Wang, 2005; Ufnar et al., 2005; Kemp et al., 2006;
Schellenberger and Veit, 2006; Sheldon and Tabor, 2009), rather than on their stratigraphic
significance. Historically, immature paleosols have generally been considered discontinuous
(Posamentier and Vail, 1988; Wright and Marriott, 1993), and for this reason, not suitable as
stratigraphic markers. Recent findings highlight the strong correlation potential of weaklydeveloped paleosols at different spatial scales (Amorosi et al., 2014; 2015; 2017; Tsatskin et al.,
2015). Nevertheless, there is currently no detailed regional mapping of buried, late Quaternary
paleosurfaces addressing the geometric relationships between paleosols and coeval fluvial channel
bodies.
This study represents the first attempt to regionally map paleosols developed in the Po Plain
during two distinct cold climate periods: the Last Glacial Maximum (LGM) and the Younger Dryas
(YD) cold reversal. Secondarily, this research aims to analyze river style during these distinct cold
events as well as assess paleosol-channel belt relationships. To this purpose, we investigated a
~3,000 km2 area in the SE Po Plain (Fig. 1) with the 3D-mapping software package, Petrel 2014. A
large amount of subsurface stratigraphic data is available for this region, and the stratigraphic
framework is chronologically well constrained (see Amorosi et al., 2016, for a review). The
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Quaternary Po Basin succession, thus, represents a very good candidate for the three-dimensional
reconstruction of buried paleosurfaces.
This work introduces a new method for paleo-landscape reconstructions that differs from the
classic geophysical-sedimentological approach (Bridge et al., 1998; Bersezio et al., 2007;
Hohensinner et al., 2008; Violante et al., 2009; Di Maio, 2014), or from geoarcheological
reconstructions (Smith and McFaul, 1997; Martin-Consuega et al., 1998; Cremaschi and Forte,
1999; Vogel and Märker, 2001; Ravazzi et al., 2013). We moved away from the use of immature
paleosols as local climate indicators, to fully exploit their potential as high-resolution stratigraphic
markers at basin scale. A subsurface stratigraphic approach aimed at reconstructing the LGM
paleotopography, though not specifically focused on paleosols, has recently been adopted by
Tropeano et al. (2013).

Fig. 1. The southern Po Plain, with locations of the cores and CPTU profiles discussed in the text. Investigation area
of Fig. 5 is bordered by a thick line.
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2. Po Plain stratigraphy

The Po Plain is the surface expression of the Po Basin, a peri-sutural basin (sensu Bally and
Snelson, 1980) formed by the growth of the Apennine chain. This rapidly subsiding basin,
characterized by long-term subsiding rates between 0.4-2.4 mm/yr (Carminati et al., 2005), is
surrounded by two mountain chains, the Apennines to the south and the Alps to the north (Fig. 1),
showing opposing thrusts. The Pliocene-Pleistocene succession of the Po Basin fill is up to 8,000 m
thick (Pieri and Groppi, 1981; Castellarin et al., 1985). The Quaternary units consist of two major
depositional cycles (Ricci Lucchi et al., 1982; Ori, 1993; Regione Emilia-Romagna and ENI-AGIP,
1998): the lower cycle includes marine sediments of Early to Middle Pleistocene age, whereas the
upper one, of Middle Pleistocene-Holocene age, consists of alternating continental and marine
deposits. Pollen analysis (Amorosi et al., 2004; 2008) revealed a glacio-eustatic control on the
stratigraphic architecture of late Quaternary deposits (Milankovitch cycles on the order of 100 kyr),
leading to the interpretation of vertically stacked, transgressive-regressive cycles (Amorosi et al.,
2004).

Fig. 2. SW-NE cross-section (from Amorosi et al., 2017) portraying paleosol-channel belt relationships from the
subsurface of the Po Plain in the last 45 kyr (location in Fig. 1).
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Close to the Apenninic margin, Late Pleistocene-Holocene deposits are entirely non-marine, and
include well-drained floodplain clays bearing several paleosol horizons, with subordinate fluvialchannel sands (Fig. 2). Two major stratigraphic markers have been recently identified in the Late
Pleistocene succession: the LGM and YD paleosols (Fig. 2). These regionally extensive,
pedogenically modified surfaces are replaced to the NE by a set of coeval multilateral and stacked
fluvial-channel sand bodies with a characteristic pinch out in SW direction (Fig. 2). Paleosol LGM,
which caps a set of closely spaced, weakly-developed paleosols, spans approximately 5 kyr (29-24
cal kyr BP), and corresponds to the onset of the Last Glacial Maximum (i.e. the Marine Isotope
Stage - MIS - 3/2 transition). Paleosol YD began forming at the onset of the Younger Dryas cold
event (12.9 cal kyr BP), and developed diachronously during progressive burial by Holocene
swamp/inner estuary facies (Fig. 2).
Late Pleistocene to Holocene facies associations in the Po Basin are largely documented in
published research (Amorosi et al., 1999; 2014; 2017), and the reader is referred to those references
for detailed sedimentologic information.

3. Materials and Methods

The area examined in this study coincides with the central portion of the Po Plain, between the
Panaro River and the Adriatic Sea (see Fig. 1).
Seventeen continuous cores recovered between 2014 and 2016 were selected to constitute the tie
points for stratigraphic correlation in the area (EM cores in Fig. 1). The boreholes were drilled with
a continuous coring system to ensure a non-disturbed stratigraphy. Cores are 20 to 53 m in length.
Lithofacies characteristics, grain size, sediment textures and accessory material (i.e. shells, plant
fragments, carbonates concretions, Fe and Mg oxides etc.) were described in detail for each core.
Pocket penetration values were also used to assess compressive strength.
For the 3D reconstruction of the LGM and YD paleolandscapes, 107 core descriptions and 1012
piezocone penetration (CPTU) tests were selected from the Regione Emilia-Romagna (RER)
stratigraphic database (Fig. 1). Field log descriptions, including color, sediment textures, grain size,
accessory materials, pocket penetrometer values and reaction to HCl, were converted to facies
interpretations. CPTU tests were used for facies characterization and stratigraphic correlation,
following calibration with adjacent cores (Amorosi and Marchi, 1999).
To test stratigraphic correlation, we used 16 radiocarbon dates from the RER database and 31
from recently published works in the study area (see Fig. 1 for location). Most samples were
103

collected along two key paleosol surfaces (LGM and YD in Table 1). An additional sample of bulk
sediment was collected from core EM20 (Fig. 1) and dated at KIGAM laboratory (Daejeon City,
Korea). Before AMS counting, this sample was cleaned through acid-alkali-acid pretreatment.
Radiocarbon dates were calibrated with Oxcal 4.2 (Bronk Ramsey and Lee, 2013), using the
Intcal13 calibration curve (Reimer et al., 2013).

Tab. 1. List of radiocarbon dates used for tracing the LGM and YD surfaces, plus radiocarbon dates shown in Fig. 2.

Chronological data mostly derive from the LGM and YD paleosols, whereas fluvial-channel
sands and channel-related facies contain scarce, dateable organic matter. Stratigraphic correlation of
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fluvial sand bodies was mostly carried out on the basis of stratigraphic position. Nine additional
radiocarbon dates come from deposits older than LGM. This additional set of 14C dates was used to
substantiate placement of the LGM surface, where no dateable samples were available.
In order to reconstruct the 3D LGM and YD paleotopographies, a grid of cross-sections was
generated and analyzed with the software package Petrel 2014. The LGM and YD paleosurfaces
were then reconstructed using the convergent interpolation algorithm, which takes into account a set
of randomly distributed scattered points and computes an output grid showing a high-quality model
representation of the input data. This type of algorithm adapts to a sparse or dense data distribution
through converging iterations at finer grid resolution. Finally, the surfaces were manually modified,
especially where data resolution was insufficient to trace narrow fluvial bodies, as in the case of the
Apennine tributaries.

4. LGM and YD paleosols

Pedogenically modified horizons are recurring features of late Quaternary alluvial deposits
in the Po Basin. Soils with > 10 kyr maturation (Alfisols, Soil Survey Stuff, 1999) are exposed at
the basin margin (Cremaschi, 1979; Gasperi et al., 1987) and in the intramontane Apennine valleys
(Eppes et al., 2008; Wegman and Pazzaglia, 2009). In contrast, paleosols are weakly developed
(Inceptisols and Entisols, respectively, Amorosi et al., 2017) in the subsurface of the Po Plain. In
general, these poorly developed paleosols exhibit high correlation potential (paleosol traces in Fig.
2), at the scale of several tens of km. The two most recognizable Late Pleistocene paleosols are the
LGM and YD paleosols (Fig. 2). The latter is typically associated with a strong lithologic contrast
between Pleistocene alluvial facies and overlying swamp to poorly-drained floodplain Holocene
deposits (Fig. 2). The two paleosols were recognized in the study area owing to their core
characteristics, diagnostic stratigraphic position, and with the aid of radiocarbon dating.
The LGM and YD paleosols display similar characteristics in core: both are typified by (i) upper
dark grey/black (“A”) horizons (Fig. 3), with no reaction to hydrochloric acid, reflecting the
accumulation of organic matter and the leaching of CaCO3; (ii) lower, light grey, Ca-enriched
(“Bk”) horizons, with yellow-brownish mottles due to Fe and Mn oxides (Fig. 3), reflecting the
fluctuating redox conditions with iron dissolution and redeposition.
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Fig. 3. Core photographs of the Younger Dryas and Last Glacial
Maximum paleosols from core EM15 (individual cores are 1 m-long).

These characteristics fit the Inceptisol category of Soil
Survey Staff (1999) or the “slightly developed soils” of
Duchaufur (1982). Such soils are the result of depositional
hiatuses of a few thousand years that mark short phases of
subaerial exposure (Retallack, 2001; Buol et al., 2011;
Retallack, 2012). The narrow range of radiometric ages for
each paleosol is consistent with their poor maturity (see core
SD13, Amorosi et al., 2014). The LGM paleosol is the topmost
part of vertically-stacked, weakly-developed simple paleosols
(Fig. 3). This compound soil profile (Kraus, 1999) suggests
that soil-forming processes around the MIS 3/2 transition were interrupted by alluviation in a
continuously accommodating system (Amorosi et al., 2017) that left little time for soil development
(Flaig et al., 2013). The YD paleosol is characterized, instead, by a single, non-cumulative, profile
(Fig. 3).
Paleosol identification was carried out matching core descriptions with CPTU tests at selected
sites (Fig. 4). Paleosols are marked invariably by a characteristic down-profile increase in cone tip
resistance (Qc) and lateral friction (fs), both indicating the presence of a stiff, overconsolidated
horizon (Amorosi and Marchi, 1999).

Fig. 4. Borehole-CPTU test calibration from four coring sites (location in Fig. 1), showing the characteristic
geotechnical signature of the Younger Dryas paleosol across the study area. CPTU tests “a” and “b” are from Regione
Veneto and Regione Emilia-Romagna stratigraphic databases, respectively.
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.5.

Paleolandscape reconstruction
The paleotopography of the eastern Po Plain during the LGM and YD was reconstructed

mapping the depths of the two paleosols, and the correlative bases of the related channel-belt sand
bodies (Fig. 5).

5.1 Last Glacial Maximum paleotopography

The Last Glacial Maximum paleolandscape (Fig. 5a) is characterized by a clear bipartition
between: (i) a wide, exposed surface to the south, dissected by Apennine paleo-channels, and (ii) a
northern portion dominated by fluvial-channel deposits. The elevation of the LGM paleosol
decreases northwards, from about -5 to -35 metres below modern sea level (Figs. 2 and 5). The
Apennine channel-belts, west of core EM3, are SW-NE oriented and are less than 2-3 km wide. The
interfluves have relatively flat topography, around -5 m asl. Conversely, east of core EM3 the
region has more irregular topography, with narrower and discontinuous interfluvial areas.
The northern portion of the study area is occupied by the Po River channel belt, which is
typically elongated in WNW-ESE direction. An offset of approximately 15 m is observed between
the LGM paleosol and the base of its correlative fluvial sand body (Fig. 2). The Po channel belt is
generally amalgamated onto older (MIS 4 and 3) fluvial-channel bodies (Fig. 2). The LGM Po
channel belt is > 24 km wide. This represents a minimum value, as the northern margin lies beyond
the study area, north of the modern Po River.

5.2 Younger Dryas paleotopography

The Younger Dryas landscape (Fig. 5b) shares a few similarities with the LGM
paleotopography: (i) the southern sector was a NW-dipping, interfluvial area incised by Apenninic
tributaries; (ii) the northern region largely coincides with the Po channel belt. West of core EM3,
the YD fluvial network shows four SW-NE oriented Apenninic rivers with similar paths as during
the LGM. East of core EM3, a major Apenninic river flowed into the Adriatic Sea with W-E
direction, parallel to the Po River, in partial connection with the Po. An about 20 km-wide
interfluve is reconstructed around core EM3. Compared to the LGM, the YD Apenninic interfluve
is better preserved, especially in the eastern region.
An offset of about 10 m was measured between the top of the YD paleosol and the base of its
coeval channel belt. A progressive deepening of the Po paleo-riverbed from west (-15 m asl) to east
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(-45 m asl) is observed (Figs. 2 and 5b). The northern region, around core 13 (Fig. 5b), is
characterized by four isolated, paleosol-bearing areas with the same elevation as their southern
counterparts. These areas were separated by three fluvial channels that likely merged into a larger,
W-E directed river that flowed towards the Adriatic Sea. The northern margin of the YD channelbelt unit was not clearly reconstructed in the study area. Due to sand body amalgamation, locally we
do not have precise control on the base of the YD channel-belt sand body.

Fig. 5. Three-dimensional paleolandscape reconstruction of the Last Glacial Maximum (5a) and Younger Dryas (5b)
periods, from the basin margin (south) to the paleo-Po River (north). Blue and red numbers are radiometric dates
(calibrated and expressed in kyr BP) from the LGM and YD paleosurfaces (see Table 1). Vertical exaggeration: 200.
For location see Fig. 1.
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6. Climate control on LGM and YD paleolandscapes

The geomorphic comparison of the LGM and YD paleotopographies (Fig. 5) shows specific
differences that are interpreted to reflect the different characteristics of the LGM and YD cold
climate periods, in terms of duration, magnitude, and depositional history. Both paleolandcapes
were characterized by a wide interfluvial area in the south, dominated by pedogenized overbank
units, whereas the northern region was occupied by an active Po channel belt (Fig. 5). The Po LGM
channel-belt sand body is wider than its YD counterpart. Its southern margin displays a sharp linear
profile with a quite smooth base (Fig. 6a), as reported for shallowly-incised valley systems
(Holbrook, 2001; Wellner and Bartek, 2003). By contrast, the base of the YD channel-belt deposits
has much more irregular geometry (Fig. 6b), and small and isolated paleosol-bearing areas are
patchily identified in the north (Fig. 5b). These areas could represent remnants of the northern
interfluve of the Po River system, partly eroded by Alpine rivers (Fig. 6b), as also suggested by
identification of the YD paleosol north of Po River (core site “a” in Figs. 1 and 4).
Due to high subsidence rates (~1 mm/y in the last 125 kyr, Antonioli et al., 2009), no
persistent incised valley was established in the Po system, and a ~100 m-thick, dominantly
aggradational alluvial succession accumulated during the prolonged (~90 kyr) phase of Late
Pleistocene sea-level fall (Amorosi et al., 2017). A shallow valley was incised by the Po River at the
MIS 3/2 transition, i.e. the onset of LGM. During this phase, which was associated with a sea-level
drop of ~ 30-50 m in a few thousand years (Lambeck et al., 2002; Peltier and Fairbanks, 2006), the
rate of sea-level fall outmatched compaction-induced subsidence and led to the incision of a ~15 m
deep valley (Figs. 5a and 6a). Part of the base-level fall was accommodated by the Po River through
channel pattern adjustment (i.e., lateral migration, Schumm, 1993) along the gently dipping Adriatic
shelf. The wide LGM Po channel belt (> 24 km, Fig. 5a) resulted from lateral migration of the Po
River over a relatively prolonged period of time, between 24-17 kyr BP. Po River incision induced
local base-level lowering for its Apennine tributaries, which, in turn, incised and migrated laterally.
Between about 17 and 13 kyr BP, an aggradational phase, likely following Melt Water Pulse
(MWP) 1A (Fairbanks, 1989; Bard et al., 1996; Liu et al., 2004; Gregoire et al., 2012), led to the
widespread burial of the LGM paleosol beneath 5-10 m-thick overbank deposits (Amorosi et al.,
2017).
The eustatic rise slowed down during the YD (Bard et al., 2010), and a minor fall in the
Mediterranean sea level was possibly associated with the YD cooling event (Caruso et al., 2011;
Maselli et al., 2011). Renewed soil development took place in the Po Plain during this period
(Amorosi et al., 2014; 2017). Due to the short duration of the YD cold reversal (Mangerud et al.,
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1974; Alley et al., 1993; Anderson, 1997; Alley, 2000; Steffensen et al., 2008; Rayburn et al.,
2011), there was insufficient time for widespread lateral migration, which led to the development of
narrower channel belts (Figs. 5b and 6b), with higher preservation of adjacent floodplains (Fig. 5b).

Fig. 6. Three-dimensional, east view of the Last Glacial Maximum (6a) and Younger Dryas (6b) paleolandscapes.
Vertical exaggeration: 250.

Soon after 11.5 kyr BP, the Po River mouth rapidly backstepped in response to MWP-1B
(Amorosi et al., 2016), and the YD paleosol was progressively flooded and buried by estuarine
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sediments (Fig. 2). Fluvial incision rapidly propagated upstream, along the Apenninic tributaries.
The seemingly distributive pattern of the Apennine tributaries in Figure 5b is interpreted as the
result of fluvial capture consequent to headward erosion from the Po valley towards the Apennines.
The different volumes of the LGM and YD Po channel belt sand bodies likely also reflect
the different magnitudes of the LGM and YD cold events, which resulted in different rates of
sediment production. At the glacial culmination, the Alpine glaciers reached their maximum extent
(Ravazzi et al., 2014), and were directly connected with the Alpine drainage system (Fontana et al.,
2014), which efficiently transferred to the Po River large part of the sediment eroded by the Alpine
valleys. During this period, sands rapidly accumulated in the wide Po channel-belt system (Campo
et al., 2016). Although the Younger Dryas is commonly considered a period of increased erosion
and sediment flux compared with the general post-glacial trend (Abdulah et al., 2004; Anderson et
al., 2004; Berné et al., 2007; Picotti and Pazzaglia, 2008; Pellegrini et al., 2015), sediment delivery
from the Alpine system to the Po River was reduced by lakes that replaced the former glacial
tongues soon after the LGM (Fontana et al., 2014), acting as sediment traps. This may account for
the significantly lower volumes of YD sands relative to the LGM channel-belt sand body.

7. Conclusions

The paleolandscapes of the central Po Plain during the Last Glacial Maximum (LGM) and
Younger Dryas (YD) cold periods were 3D reconstructed through high-resolution stratigraphic
analysis. The paleotopography was built primarily on the identification and lateral tracking of
laterally extensive paleosols that correlate in the north with thick aggradationally stacked, fluvialchannel sand bodies related to the Po River.
Two weakly developed paleosols (LGM and YD), firstly identified in core, were traced with the
aid of CPTU analysis, following geometric correlation criteria. Radiocarbon dates were used as
control points for stratigraphic correlation. The limited number of 14C dates from the amalgamated
fluvial channel-belt units locally resulted in uncertain correlation between fluvial sand bodies and
the two major pedogenically modified surfaces.
Paleotopographies at the time of formation of the LGM and YD paleosols show recurrent
features: the southern Po Plain was a NE-dipping, pedogenized plateau dissected by Apennine
tributaries that flowed into the Po River, whereas the northern region hosted a laterally migrating Po
River system. Architectural differences in scale and geometry between the LGM and YD channelbelt sand bodies, as well as differences in paleosol characteristics reflect the longer duration and
higher magnitude of the cooling event at the onset of the LGM.
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This study documents that climate variations may affect the fluvial environment over very short
time scales, inducing rivers to incise and creating conditions favorable to the formation of weaklydeveloped soils on the interfluves. These data also are important for reservoir studies, as they show
that fluvial channel belts formed during short-lived glacial periods can generate highly
interconnected sediment bodies, increasing their reservoir capacity.
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Abstract

Holocene deposits exhibit distinct, predictable and chronologically constrained facies patterns
that are quite useful as appropriate modern analogs for interpreting the ancient record. In this study,
we examined the sedimentary response of the Po Plain coastal system to short-term (millennialscale) relative fluctuations of sea level through high-resolution sequence-stratigraphic analysis of
the Holocene succession.
Meters-thick parasequences form the building blocks of stratigraphic architecture. Above the
Younger Dryas paleosol, a prominent stratigraphic marker that demarcates the transgressive
surface, Early Holocene parasequences (#s 1-3) record alternating periods of rapid flooding and
gradual shoaling, and are stacked in a retrogradational pattern that mostly reflects stepped, postglacial eustatic rise. Conversely, Middle to Late Holocene parasequences (#s 4-8) record a complex,
pattern of coastal progradation and delta upbuilding that took place following sea-level stabilization
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at highstand, starting at about 7 cal ky BP. The prominent transgressive surface at the base of
parasequence 1 correlates with the period of rapid, global sea-level rise at the onset of the Holocene
(MWP-1B), whereas flooding surfaces associated with parasequences 2 and 3 apparently reflect
minor Early Holocene eustatic jumps reported in the literature. Changes in shoreline trajectory,
parasequence architecture and lithofacies distribution during the following eustatic highstand had,
instead, an overwhelming autogenic component, mostly driven by river avulsions, delta lobe
switching, local subsidence and sediment compaction. We document a ~1000-year delayed
response of the coastal depositional system to marine incursion, farther inland from the maximum
landward position of the shoreline. A dramatic reduction in sediment flux due to fluvial avulsion
resulted in marine inundation in back-barrier position, whereas coastal progradation was
simultaneously taking place basinwards.
We demonstrate that the landward equivalents of marine flooding surfaces (parasequence
boundaries) may be defined by brackish and freshwater fossil assemblages, and traced for tens of
kilometers into the non-marine realm. This makes millennial-scale parasequences, whether auto- or
allogenic in origin, much more powerful than systems tracts for mapping detailed extents and
volumes of sediment bodies.
The Holocene parasequences of the Po coastal plain, with strong age control and a detailed
understanding of sea-level variation, may provide insight into the driving mechanisms and
predictability of successions characterized by similar depositional styles, but with poor age
constraint, resulting in more robust interpretations of the ancient record.

Keywords: Parasequence, Sequence stratigraphy, Stacking patterns, Shoreline trajectory,
Holocene, Po Plain

1. Introduction

Holocene deposits beneath modern coastal plains can serve as valuable archives for deciphering
the role of relative changes of sea level on facies architecture (Boyd et al., 1992; Blum and
Törnqvist, 2000; Cattaneo and Steel, 2003; Blum et al., 2013). Advantages for this relatively short
time interval record are that: (i) sea-level and climatic histories are well established; (ii) a nearly
continuous and tectonically undisturbed sedimentary succession is commonly available; (iii) highresolution facies interpretation is coupled to very precise chronologic control (associated error of
14

C ages in the range of 20–300 years); (iv) fossil assemblages are comparable to modern

bioassemblages, and therefore can be used for refined facies interpretation.
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Holocene successions exhibit distinct and predictable facies patterns, and their stratigraphy has
been used historically for the interpretation of transgressive-regressive (T–R) trends from older
deltaic and coastal depositional systems (Curray and Moore, 1964; Oomkens, 1970; Frazier, 1974;
Demarest and Kraft, 1987; Suter et al., 1987; Stanley and Warne, 1994). The synchronous initiation
of Holocene marine deltas by deceleration of sea-level rise, 8500 to 6500 years ago, is one of the
few well-documented examples of worldwide coastal system response to changing sea-level
conditions (Stanley and Warne, 1994; Amorosi and Milli, 2001; Hori and Saito, 2007; Hijma and
Cohen, 2011).
In terms of sequence stratigraphy, the Holocene (T–R) sedimentary wedges reflect a wellconstrained balance between accommodation and sediment supply (see the ‘A/S ratio’, Muto and
Steel, 1997), and are interpreted to represent the transgressive systems tract (TST) and the overlying
highstand systems tract (HST) of the classic sequence-stratigraphic model (Posamentier and Vail,
1988; Van Wagoner et al., 1988), or the retrogradational (R) and lower aggradationalprogradational-degradational (APD) systems tract of the revised ExxonMobil depositional sequence
model (Neal and Abreu, 2009; Abreu et al., 2010).
There is an extensive literature detailing the depositional response of Holocene coastal systems
to relative fluctuations of sea level developed on millennial- to sub-millennial time scales (Lowrie
and Hamiter, 1995; Somoza et al., 1998; Saito et al., 1998; Morton et al., 1999; Hori et al., 2002;
Tanabe et al., 2003; 2006; Leorri and Cearreta, 2004; Leorri et al., 2006; Hori and Saito, 2007;
Anderson and Rodriguez, 2008; Amorosi et al., 2009; 2013a; Poulter et al., 2009; Törnqvist and
Hijma, 2012; Milli et al., 2016). However in most cases, stratigraphic correlations are made with
relatively poor chronologic control, and the internal configuration of millennial-scale sediment
packages has been predominantly conceptualized (and significantly oversimplified) rather than
documented. As a result, only limited information can be inferred about the factors (allogenic
versus autogenic) that might have controlled facies architecture. An exception is the recent work by
Tanabe et al. (2015), who delineated the Holocene stratigraphy of the Tokyo lowland with great
detail. Using >400 radiocarbon data as a guide to stratigraphic correlation of facies associations and
stacking patterns, they traced a set of isochrons that were used to reconstruct depositional history.
This technique, however, is hardly suited for the ancient record, where chronologic and spatial
resolution is insufficient to allow identification of coeval rock packages over such short intervals of
time.
In this study, we assess the Holocene depositional history of the Po coastal plain south of the Po
River (Fig. 1), based on the identification of physically traceable stratigraphic surfaces from 12
sediment cores, 132 radiometric dates, 740 paleontologic analyses, and 2,350 borehole logs. We
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identified parasequences (and related bounding surfaces) as key features for stratigraphic
correlation, tracing their boundaries several tens of kilometers along dip and strike. The aim of this
paper is to examine parasequence development from a chronologically well-constrained succession,
where allogenic and autogenic signals can be deciphered and quantified. Our specific objective is to
develop a conceptual framework of millennial-scale stratigraphic response to relative changes of sea
level that can provide insight into the interpretation and prediction of sediment/rock packages with
similar stratal architecture, but for which accumulation rates and the role of all possible causative
mechanisms are poorly established or unknown. A similar approach had been undertaken by
Amorosi et al. (2005) and Stefani and Vincenzi (2005), but with remarkably lower facies and
chronologic resolution.
Since an abundance of stratigraphic data is available only for the southern part of the Po Basin
(south of Po River in Fig. 1), we selected the least deformed portion of the basin as the study area,
close to the modern Po Delta (Fig. 1), in order to emphasize the role of eustatic change on
stratigraphy.

Fig. 1. Location and tectonic setting of the study area (buried thrust systems modified from Burrato et al., 2003),
with indication of the two cross-sections (AA’ and BB’) of Fig. 3. Position of 12 ‘EM’ reference cores is also shown.
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2. Geologic setting

The Po Plain–Adriatic Sea system is part of the Alpine–Apennine and Dinarides–Hellenides
foreland, an elongated basin largely filled from the Po River catchment. The external thrust front of
the Apennines is buried beneath the modern alluvial plain, south of Po River, where continuous
thrusting and subsidence led to the evolution of a wedge-top basin, fragmented by a set of NEverging blind thrusts and folds (Boccaletti et al., 2011 – Fig. 1). The Po Basin hosts a >7 km-thick
sedimentary succession, Pliocene through Quaternary in age, with an upward decreasing level of
tectonic deformation (Pieri and Groppi, 1981). In the Po coastal area, facies changes within the
Middle Pleistocene-Holocene succession follow a repetitive transgressive-regressive pattern (50100 m thick), with alternating nearshore and alluvial deposits that accumulated during interglacial
and glacial periods, respectively (eccentricity-driven – 100 ky - depositional cycles in Amorosi et
al., 2004; 2008). In the southern Po Plain, Last Interglacial (Marine Isotope Substage 5e) deposits
have been identified at depths of 100-125 m below ground surface (Amorosi et al., 2004).
As recognized by previous studies (Rizzini, 1974; Bondesan et al., 1995; Amorosi et al, 1999;
2003; 2005; 2016; Stefani and Vincenzi, 2005; Bruno et al., 2016), the Holocene succession of the
Po coastal plain is a ~ 30 m-thick, transgressive-regressive coastal wedge (TST and HST) that
overlies Late Pleistocene (lowstand systems tract) alluvial deposits. The transgressive surface
(Posamentier and Vail, 1988) marks the onset of a retrogradational stacking pattern of facies (Neal
and Abreu, 2009). On vertical profiles, this surface is invariably marked by the abrupt shift from
fluvial-channel or well-drained floodplain facies to poorly-drained floodplain or coastal swamp
deposits (Amorosi et al., 2003; Campo et al., 2017). The transgressive surface is commonly
associated in core with the top of a weakly developed paleosol that formed during the Younger
Dryas cold reversal, close to the Pleistocene-Holocene boundary (Amorosi et al., 2016).

3. Methods and the ‘parasequence’ concept

Two stratigraphic panels, each about 50 km long, were oriented roughly parallel to the modern
Po River and perpendicular to the present shoreline (Fig. 1). The two transects represent a linked
freshwater-fluvial/brackish/nearshore/shallow-marine system. For each panel, we delineated the
external geometry and internal architecture of parasequences.
Twelve continuous cores, 20 to 40 m in length, were drilled as part of a collaborative research
project supported by ExxonMobil Upstream Research Company (Fig. 1). Core recovery was >95%.
Facies analysis relied on texture, composition, physical sedimentary structures and accessory
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components. About 250 samples were collected for mollusk analysis, and about 490 for the analysis
of the meiofauna (benthic foraminifers and ostracods). One-hundred-thirty-two samples (wood
fragments, peats, and mollusk shells) were dated using accelerator mass spectrometry (AMS),
predominantly at KIGAM laboratory (Daejeon City, Korea) (Table 1 in Supplementary Material).
Radiocarbon dates were calibrated with Oxcal 4.2 (Ramsey and Lee, 2013), using the Intcal13
calibration curve (Reimer et al., 2013).
For stratigraphic correlation, we used the original definition of parasequence (Van Wagoner et
al., 1988; 1990), with special emphasis on the objective observation of its bounding surfaces
(flooding surfaces and their equivalents), irrespective of the allogenic or autogenic processes that
may have contributed to its formation. In particular, we extend the parasequence definition into the
paralic realm, to encompass surfaces across which there is evidence of abrupt increase in salinity
(i.e., sharp change from brackish to marine environments, or from freshwater to brackish
environments), which implies substantial facies dislocation. In the highstand shallow-marine realm,
parasequence boundaries correspond to clinoform boundaries. The majority of parasequences
display clear shallowing-upward trends. However, in this high-subsidence, high-sediment-supplyrate setting, the basal intervals of some parasequences (mostly in the TST), appear to record some
deepening-upward (Arnott, 1995; Zecchin and Catuneanu, 2013).

4. Sedimentary facies

The depositional facies that form the Holocene succession of the Po coastal plain have been
illustrated at length in several papers (Amorosi et al., 1999; 2003; 2005; 2008), and will not be
reiterated here. For detailed facies description, the reader is referred to these previous works.
Twenty-two facies associations were grouped into five broad categories, corresponding to
transgressive (barrier-lagoon-estuary) or highstand (delta/strandplain) depositional systems (Fig. 2).
Individual facies associations were differentiated on the basis of sedimentological and fossil
features, reflecting changes in depth, salinity, degree of confinement, substrate, and oxygen or food
availability (Scarponi & Kowalewski, 2004; Rossi and Vaiani, 2008; Amorosi et al., 2014b;
Scarponi et al., 2014; Wittmer et al. 2014; Mazzini et al., in press). Comparison with spatial
distribution patterns of the modern meiofauna and mollusks allowed a robust and detailed
environmental interpretation of fossil assemblages. The diagnostic lithologic, sedimentological and
paleontological features for facies identification are summarized in Figure 2. Each group is briefly
described from updip to downdip locations.
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4.1.Alluvial Plain deposits
Alluvial plain deposits include three major facies associations (Fig. 2). The fluvial channel-fill
facies consists of >2 m-thick cross-stratified medium to coarse sand bodies, with erosional lower
boundaries and general fining upwards (FU) of grain size. Channel-fill-related facies include
crevasse and levee deposits, i.e. thin sand bodies and sand-silt alternations containing roots,
respectively. Well-drained floodplain deposits are made up of variegated silt and clay, with
abundant pedogenic features (Inceptisols). Pocket-penetration (PP) tests record values generally >2
kg/cm2.
The meiofauna is commonly absent. Occasionally, poorly-preserved specimens of marine
foraminifers accompanied by fragments of freshwater ostracods occur within sandy deposits.
Mollusks are generally scattered, especially in well-drained floodplain facies, which are commonly
barren or contain at most a few mollusk fragments and/or opercula of gastropods (e.g. Bithynia). At
places, especially in channel-related facies, an oligotypic mollusk association dominated by the
small bivalve Pisiudium and/or the gastropod Bythinia can be found. Hydrobiids are also common
in deposits from freshwater vegetated areas or channel abandonment infills.

4.2. Inner Estuary/Upper Delta Plain deposits
This depositional system includes a variety of freshwater/hypohaline facies associations formed
as part of inner estuary (TST) to upper delta plain (HST) environments (Fig. 2). Distributary
channel-fill sand bodies (and related crevasse/levee facies) are typically finer-grained and more
isolated than fluvial-channels. These bodies are transitional to poorly-drained floodplain silts and
clays, which can be differentiated from their well-drained counterpart by their homogeneous gray
color, rare Inceptisols, locally high proportion of organic matter, and remarkably lower (1.2-1.8
kg/cm2) PP values. Swamp deposits are generally recognized by the dark gray to black color,
abundant peat layers, very low (< 1 kg/cm2) PP values and high proportion of organic matter, wood
fragments, and associated histosols. At channel mouths, sands are amalgamated to form bay-head
deltas.
Within mud-dominated deposits, a scarce (poorly drained floodplain) to abundant (swamp)
freshwater-low brackish ostracod fauna is observed (Fig. 2). Mollusks are sparse, but diagnostic
taxa are present (key species in Fig. 2). Sand bodies are commonly barren, with the exception of
bay-head delta sands, which show a mixture of poorly-preserved, brackish species (e.g., the
ostracod Cyprideis torosa, and the thin-shelled bivalve Cerastoderma) and freshwater species
(Ilyocypris spp., and hydrobiids; Fig. 2).
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4.3. Outer Estuary/Lower Delta Plain deposits
Freshwater/hypohaline deposits transform seawards to a wide range of facies typical of brackish
environments behind a barrier complex, as part of outer estuary (TST) or lower delta plain (HST)
depositional systems (Fig. 2). The typical facies consists of a homogeneous succession of gray clays
and silt (central lagoon/bay). Sand intercalations increase in frequency and thickness toward the
outer lagoon/bay, whereas the clay size content increases landwards, in mud flat and salt marsh
facies.
This depositional system is dominated by a brackish fauna able to tolerate changes in salinity and
organic matter content. In subtidal deposits, the oligotypic meiofauna is dominated by euryhaline
species (C. torosa and A. tepida) in central lagoon/bay clays, whereas a more diversified, mixed
euryhaline and brackish-marine meiofauna characterizes outer lagoon/bay deposits (Fig. 2).
Intermittently exposed intertidal facies are barren in ostracods. The meiofauna is composed
exclusively of agglutinated (salt marsh) and/or hyaline, high-confinement (mud flat) foraminifers
(Fig. 2). In general, mollusks comprise low-diversity assemblages: the more confined (e.g., salt
marsh) brackish deposits are characterized by abundant Abra segmentum, hydrobiids, and/or thinshelled Cerastoderma, whereas in less confined (outer lagoon/bay) deposits, Loripes orbiculatus,
thick-shelled Cerastoderma and Lentidium mediterraneum also are relatively abundant.

4.4. Transgressive Barrier Island/Strandplain/Delta Front deposits
This depositi is made up predominantly of well sorted, fine to medium sandy facies that
accumulated in nearshore environments in response to back-stepping transgressive barrier
shorelines (TST) or prograding deltas and shorelines (HST - Fig. 2). Transgressive deposits include
lower shoreface very-fine sands, sand-silt alternations (marking the offshore transition), washover
sands (in back-barrier position), and the transgressive sand sheet (a thin, shell-rich stratigraphic
interval with strong evidence of reworking by coastal processes during shoreface retreat). Highstand
nearshore deposits include characteristic upward-coarsening and shallowing packages of littoral
(shoreface-foreshore-backshore) or delta front (mouth-bar) sands.
The mollusk fossil content allows refined characterization of distinct facies associations.
Foreshore to upper shoreface deposits show low equitability associations: the key taxon is the genus
Donax, which includes fast-burrowing species that prefer intertidal and upper shoreface settings. In
river-influenced (mouth bar) settings, oligotypic but extremely abundant assemblages of Lentidium
mediterraneum occur: this small bivalve, with >103 specimens retrieved per sample, is the most
abundant species of the Holocene succession (Kowalewski et al., 2015). Lower shoreface facies are
characterized by more diverse molluscan associations (selected key species are reported in Fig. 2).
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Transgressive sheet sands and other lithosomes made up of reworked sediments (e.g., washover
deposits) are also distinctive, as they contain high-diversity associations (see Scarponi and
Kowalewski, 2007), due to the mixture of nearshore species, with up-section increase in marine
taxa.
A relatively highly diverse assemblage, including species that prefer vegetated sandy bottoms,
typifies the meiofauna in lower shoreface facies, whereas few large-sized abraded shells (Ammonia
beccarii and Elphidium crispum; Fig. 2) are commonly found in the transgressive sand sheet. No
foraminifers or ostracods are preserved in upper shoreface-foreshore and deltaic (mouth bar) sands,
likely due to high-energy, harsh conditions. In contrast, a mixed assemblage of shallow-marine and
brackish-euryhaline species characterizes washover deposits (Fig. 2).

4.5. Offshore/Prodelta deposits
This is the most seaward portion of the Po Plain system, relatively deeper and muddier.
Transgressive shallow-marine deposits (TST) consist of gray, bioturbated offshore clays and silts,
whereas their highstand (HST) counterpart, prodelta muds that developed away from delta front
sands, are finely laminated, with commonly abundant plant and other organic matter. Occasional
thin-bedded intercalations of very-fine to fine sand, with sharp base and FU trend, represent storm
or flood layers.
Offshore clay-sized material reflects the deepest water depths attained during the entire
Holocene, shown by the meiofauna assemblage that has the highest species diversity and relative
abundance of open-marine species (i.e., Textularia spp., Cytheridea neapolitana; Fig. 2). An
infralittoral, less diversified assemblage characterizes offshore-transition deposits. Key mollusk
species of deep (offshore) settings include Nucula (also widespread in lower shoreface settings),
Bittium submammillatum and Timoclea ovata. A significantly different assemblage characterizes
prodelta muds (Breman, 1975; Jorissen, 1988; Scarponi and Angeletti, 2008) (Fig. 2). This facies
association is dominated by opportunistic foraminifers, ostracods and mollusk species (i.e.,
Ammonia tepida-A. parkinsoniana, Nonionella turgida, Palmoconcha turbida; Corbula gibba and
or Turritella communis) able to tolerate stressed marine conditions, including variable salinity
values and high nutrient flux and turbidity. Particular environmental conditions are recorded by the
Nonionella turgida assemblage, which documents ample food availability and a limited oxygen
deficiency at the sea bottom (Van der Zwaan and Jorissen, 1991), indicative of a distal prodelta or
mud belt setting (Fig. 2). A diagnostic trait of transgressive (sediment starved) shallow-marine
deposits is the widespread presence of mollusk shells with parasitic and predation scars.
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Conversely, highstand deposits have the highest prevalence of spionid traces (Huntley and
Scarponi, 2012; 2015).

Fig. 2. Summary lithologic, sedimentological and fossil (meiofauna/mollusks) characteristics of the 22 facies
associations examined in this work, and their grouping into five depositional systems. Colors are the same as in Fig. 3.

5. Parasequence architecture

We identified eight parasequences of Holocene age (#s 1–8 in Fig. 3) and traced them along dip
and strike across contiguous depositional systems. The lower three parasequences (#s 1–3) occur in
a retrogradational set (Fig. 3), which defines the TST (Posamentier and Vail, 1988; R systems tract
of Neal and Abreu, 2009), whereas the overlying five parasequences (#s 4–8) are aggradationally to
progradationally stacked, and represent the HST (lower part of the APD systems tract of Neal and
Abreu, 2009).
Parasequence 1 (11.5–9.2 cal ky BP) in the study area consists of a continuous sheet of poorlydrained floodplain deposits (Fig. 3A) and swamp facies (Fig. 3B). These organic-matter-rich
deposits are confidently correlated downdip with a partly preserved, transgressive barrier system
(slightly younger than 10.5 cal ky BP), identified in the Adriatic at 42-m water depth (Trincardi et
al., 1994; Cattaneo and Steel, 2003; Correggiari et al., 2005; Storms et al., 2008). Parasequence 2
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(9.2–7.7 cal ky BP) is characterized along dip by a genetically linked set of freshwater, brackish,
nearshore and shallow-marine facies, with a clear retrogradational trend. Thin (0.5–1.5 m), isolated
transgressive barrier sand bodies occur in an overall backstepping pattern, and are correlated
landwards to distinct bay-head delta systems (Fig. 3B). Parasequence 3 (7.7–7.0 cal ky BP)
documents the maximum landward migration of the shoreline, marked by a thicker (2–4 m),
relatively well-preserved, transgressive barrier complex (Fig. 3A). Updip, a large bay-head delta
system separates these coastal sands from brackish and freshwater facies (Fig. 3A).

Fig. 3. Correlation panels (A: section AA’, B: section BB’ in Fig. 1) illustrating stratal architecture through the
Holocene succession of the Po coastal plain. Eight Holocene parasequences are numbered in red. Reference cores (EM)
are indicated in red (for location, see Fig. 1). The labels of the cores shown in Fig. 4 (section A) appear inside a block
box. LGM: Last Glacial Maximum, YD: Younger Dryas.

A significant level of diachroneity, along both depositional strike and dip (see also Amorosi et
al., 2005; Tanabe et al., 2015), is associated with the maximum flooding surface (MFS), interpreted
to be at the base of parasequence 4 (7.0–5.2 cal ky BP): progradational and retrogradational
stacking patterns are observed simultaneously in distinct parts of parasequence 4, as documented by
the seaward shift of the shoreline, as opposed to a 15 km landward expansion of the brackish zone
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in back-barrier position (Fig. 3A). The coastal system in parasequence 5 (5.2–2.8 cal ky BP - lower
HST) is dominantly aggradational.
Parasequences 6 to 8 (< 2.8 cal ky BP) exhibit recurring stratal architectural patterns that, as a
whole, record rapid progradation of the coastal system (upper HST). Parasequence boundaries are
locally diachronous (see parasequence 6/7 boundary in Figs. 3 and 6). Stacking patterns may locally
appear as degradational, because of the transect chosen relative to transport direction (e.g.
parasequence 6 in Fig. 3). Delta front (foreset) and prodelta (bottomset) deposits are the most
abundant facies, and each parasequence represents a phase of delta or shoreface progradation
separated by short-lived, mud-prone transgressive incursions (clinoforms of Hampson et al., 2008).
In a 2-D view (Fig. 3), clinoforms are mainly seen in near-downdip sections (parasequences 6 and
7). Conversely, nearly horizontal bedding planes indicate sediment delivery perpendicular to the
stratigraphic panel (see parasequence 8 in Fig. 3A). Farther inland, delta plain (swamp) deposits on
the delta topset exhibit distinctive aggradational stacking patterns (Fig. 3).
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Fig. 4. Identification of flooding surfaces (red lines) across different depositional
systems on the basis of fossil analysis. Flooding surfaces are traced where abrupt changes
in the meiofauna (a) or mollusk (b) assemblage composition and/or species diversity
indicate the establishment of deeper, more open (less confined sensu Debenay and Guillou,
2002) or higher salinity conditions, in response to the landward shift of the shoreline. Note
that mollusk analysis offers a quantitative estimate of paleodepth offset at flooding
surfaces. For key fossil species interpretation, see Fig. 2. For stratigraphic context, see Fig.
3A.
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In freshwater to brackish deposits, parasequence boundaries are marked by changes in salinity
or in the degree of confinement (Fig. 4a). In coastal to shallow-marine deposits, flooding surfaces
are localized at sharp lithofacies changes associated with abrupt deepening, from coastal/delta front
sands to offshore/prodelta muds (Fig. 4b). The increase in water depth associated with flooding
surfaces and parasequence boundaries can be estimated using quantitative bathymetric models
based on mollusk assemblages (Wittmer et al., 2014 - Fig. 4b). As an example, in the downdip
sector of the southern transect (core 205-S9 in Fig. 3A), the paleodepth offset across the flooding
surface at 10 m core depth (Fig. 4b) was estimated to be around 4.7 m ± 2.8 m (see Scarponi and
Angeletti, 2008).

6. Paleoenvironmental evolution

Based on the relative proportion of facies associations, we reconstructed the dominant
environments of deposition for each parasequence. This led to a comprehensive and detailed
portrayal of paleoenvironmental evolution through the Holocene (Fig. 5).
During the YD, the shoreline was tens of km seawards from its present position, and the northern
Adriatic was almost entirely subaerially exposed (Maselli et al., 2011). At that time, the Po River
was a laterally migrating braided river system that flowed in NW-SE direction across the study area
(Fig. 5a). Lateral to the trunk river, a poorly mature paleosol (YD in Fig. 3) developed above very
low elevation terraces (Amorosi et al., 2014a; 2016) (Fig. 5a). Three consecutive flooding surfaces
(lower boundaries of parasequences 1–3) across estuarine, nearshore, and shallow-marine deposits
(Fig. 3) indicate the progressive drowning of the Po coastal plain. We interpret the spreading of
freshwater wetlands over wide portions of the study area (Fig. 5b – parasequence 1) as a response of
the Po coastal system to relative sea-level rise. During this phase of ‘initial flooding’, the
groundwater table was raised and promoted the vast accumulation and preservation of organicmatter-rich facies, which blanketed diachronously the transgressive surface (cf Bohacs and Suter,
1997) as a function of the pre-existing topography (Rossi et al., 2011). The coastal plain was rapidly
transformed into an inner estuary, which transitioned downdip to the Adriatic barrier-island system
(Trincardi et al., 1994; Correggiari et al., 2005; Amorosi et al., 2016).
Parasequence 2 records the rapid backstepping of the wave-dominated estuary, and reveals its
tripartite subdivision into (i) shoreline-parallel barriers, (ii) a back-barrier brackish zone, and (iii) a
wide inner estuarine sector that hosted freshwater to low-brackish sub-environments, with
associated bay-head deltas at the fluvial mouths (Fig. 5c). Several closely-spaced flooding surfaces,
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with small lateral extent, highlight the stepped trajectory of the transgressive shoreline on centennial
time scales (dashed lines in Fig. 3A).
The maximum landward migration of the shoreline is dated to 7.7–7.0 cal ky BP (Fig. 5d –
parasequence 3). At that time, the barrier became fixed (as revealed by the thicker transgressive
sand body relative to parasequence 2), the estuary widened and the short-lived YD terraces were
flooded. Sediment trapping in the estuary was associated with sediment starvation on the shelf, as
implied by several parasequences merging distally into an interval of condensed sedimentation,
only a few dm-thick (Fig. 3). Renewed bay-head delta progradation took place at peak
transgression, with partial filling of the lagoon (Fig. 5d).
Several coarsening-upward and shallowing-upward cycles of prodelta/delta front sediments
(parasequences 4–8) indicate that after 7.0 cal ky BP, coastal progradation took place in the modern
southern Po Plain (Fig. 3). The earlier deltaic system (7.0–5.2 cal ky BP - parasequence 4)
developed through delta-lobe switching processes in a river-dominated shoreline, probably under a
general mechanism of compensational stacking (see Hampson, 2016). The locus of delta initiation
was located in the area between the two stratigraphic panels, where a lobate delta accumulated in
relatively shallow waters (Fig. 5e). While the Po River was building out its first delta system, a
wide brackish zone developed behind the line of maximum landward migration of the shoreline
(Figs. 5e and 3A). It can be plausibly argued that marine incursion took place to the south in
response to dramatically reduced fluvial input at that location, following the abandonment of the
formerly active bay-head delta system (cf Rodriguez et al., 2010). When the Po River branch that
flowed through Ferrara (Fig. 5d) became inactive, the brackish zone extended considerably in the
southern part of the study area, probably enhanced by subsidence due to sediment compaction. This
region likely experienced increasing tidal influence, especially away from areas of high fluvial input
(Tanabe et al., 2015; Longhitano et al., 2016). A possible tidal influence is suggested by the
development of a widespread mud flat (see core EM S5 in Fig. 4a), with highly sinuous (tidal?)
channels detected on the basis of satellite imagery (Sgavetti and Ferrari, 1988).
The spatially and temporally restricted advance of the early Po Delta system is attributed to river
avulsion (~ 5 cal ky BP) that formed a new branch of the Po River in the north, close to the Venice
region (Saline-Cona branch of Piovan et al., 2012), whereas other distributary channels moved to
the south (Fig. 5f). A brackish environment developed in the area delimited by sections AA’ and
BB’ (Fig. 5f). Modest to negligible volumes of sand were delivered during this interval of time to
the adjacent shoreline, which remained temporarily starved of terrigenous sedimentation
(parasequence 5 in Fig. 3).
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Fig. 5. Paleogeographic overview of the studied succession between the Younger Dryas and the Present, showing
facies belts extent and their evolution. The modern shoreline and traces of cross-sections in Fig. 3 are present in each
map for reference. YD: Younger Dryas, P: parasequence.

The paleoenvironmental evolution between 2.8-0.8 cal ky BP (parasequences 6–7) matches well
with geomorphic features described at length by Ciabatti (1967), Sgavetti and Ferrari (1988),
Bondesan et al. (1995), Correggiari et al. (2005), and Stefani and Vincenzi (2005), who documented
the widespread development of arcuate deltas with straight coastline morphology, in response to
substantial sediment reworking by waves. Multiple episodes of river avulsion during progradation
resulted in deposition of a nearshore sand body that is continuous along depositional strike
(Hampson and Howell, 2005). A dominant sediment supply from the Adige River in the north, with
sediment redistribution to the south by the longshore drift, is reinforced by the change in
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provenance, recorded in beach sands of parasequence 6, towards an Alpine composition (Fig. 5g Marchesini et al., 2000). Active sediment delivery by the Po River was re-established diachronously
in the study area, between around 2 cal ky BP, with the growth of the Po di Spina and Po di Volano
delta lobes (Parasequence 7 - Fig. 5h), Finally, parasequence 8 marks the historical (1152 AD) Po
River avulsion in Ficarolo, NW of Ferrara, which shifted the Po River towards its present, northern
position (Fig. 5i). During this period, the delta plain was intermittently exposed and flooded, as
documented by the development of parasequences locally bounded by laterally continuous peat
layers (Fig. 3A).

7. Sediment accumulation rates

With the thickness of sedimentary units and the age of accumulation available on a regional
scale, we estimated sediment accumulation rates in the study area, and their change through space
and time. Landwards of the shoreline (behind the limit of maximum shoreline ingression), relatively
high accumulation rates (5–6 mm/y) are apparent for the transgressive parasequence set 1–3
(estimates from core EM S5 – Fig. 3A). Accumulation rates decrease in the lower HST (2.5–3
mm/y for parasequences 4–5), and attain minimal values (1.0–1.5 mm/y) in the upper HST
(parasequences 6–8). Basinward of the shoreline, the system records an opposite tendency: although
aggradation rates are high in back-barrier position (> 4 mm/y for transgressive parasequence 1,
from core EM S13 – Fig. 3B), strong condensation is recorded around the MFS (< 0.2 mm/y), and
high sedimentation rates (up to ~ 70 mm/y) are observed in the upper HST (Scarponi et al, 2013;
Bruno et al., 2016).
The high rates of sediment accumulation recorded by the back-barrier deposits (lower TST) are
interpreted to reflect a generation of accommodation in the coastal plain, as a result of relative sealevel rise. Progressively decreasing sedimentation rates followed sea-level stabilization, suggesting
that the coastal system was rapidly prograding basinwards. The coastal plain was transitioning from
a sediment storage region to one of sediment bypass, which accounts for the condensed character of
the upper TST/lower HST in seaward position (Scarponi et al., this volume).
High sediment storage in the coastal plain during transgression also implies a low potential to
deliver sand to the deepwater slope and basin floor (Uroza and Steel, 2008). This trend has been
recently documented by quantitative assessments of sediment budgets in the Po Plain-Adriatic
system (Amorosi et al., 2016), where sediment delivery to the deepest parts of the basin at sea-level
lowstand times has been estimated to be 20–25 times larger than during the following eustatic rise.
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8. Influence of sea-level change on Holocene parasequence architecture

Linking the Holocene stratigraphic architecture of the Po coastal plain to local and global curves
of post-glacial sea-level change available in literature reveals the possible influence of changing
sea-level on the generation of millennial-scale parasequences.
During the Last Glacial Maximum (LGM), sea level stood ~ 120–130 m lower than today
(Fairbanks, 1989; Bard et al., 1996; Yokoyama et al., 2000). The post-LGM global sea-level rise
was punctuated by high-frequency oscillations, with short phases of sea-level deceleration. A
comprehensive, post-LGM sea-level curve has been reported by Liu et al. (2004) from the Western
Pacific area. Consistent with previous reconstructions from coral reef cores (Fairbanks, 1989; Bard
et al., 1990, 1996; Chappell and Polach, 1991), this curve shows a typical stepwise trend,
characterized by four short-lived phases of rapid eustatic rise, corresponding to large inputs of
freshwater (meltwater pulses – MWP and mwp) triggered by the melting of large continental ice
sheets, separated by longer periods of slow transgression or stillstand (Fig. 6).
Although sea level started to rise around 19 cal ky BP, the first phase of rapid eustatic rise
(MWP-1A) took place around 14 cal ky BP (Fairbanks et al., 1989; Bard et al., 1990, 1996;
Blanchon and Shaw, 1995). Sea-level rise slowed down during the YD, as recorded at several farfield sites (Bard et al., 1996, 2010), before accelerating again at the beginning of the Holocene
(MWP-1B at 11.6–11.3 cal ky BP, Fairbanks, 1989 – see fig. 6). An acceleration in sea-level rise is
recorded during the same interval of time also in the Mediterranean (Lambeck et al., 2011; Vacchi
et al., 2016 – Fig. 6). In the Po–Adriatic system, this phase triggered the inundation of the Younger
Dryas alluvial plain, recorded by parasequence 1.
Two additional, rapid phases of eustatic rise, though of lower magnitude, have been identified
within the Holocene period (Liu et al., 2004), between 9.5–9.2 cal ky BP (mwp-1c) and 8.0–7.5 cal
ky BP (mwp-1d – Fig. 6). Taking into account eustatic, isostatic and tectonic effects, Lambeck et al.
(2011) reconstructed a distinctive acceleration in sea-level rise for the Italian coasts between 10.0–
8.7 cal ky BP (Fig. 6). Data from the Po coastal plain preserve evidence for two phases of
generalized flooding, starting at ~9.2 cal ky BP (parasequence 2) and 7.7 cal ky BP (parasequence
3), respectively (see Figs. 3 and 6), which support the hypothesis of an allogenic control on Early
Holocene sedimentation.
The possible supra-regional influence of sea-level change on the initiation of parasequences 2
and 3 is also corroborated by radiocarbon data from several coastal systems worldwide. For
instance, the transition from freshwater to brackish environments (parasequence 2), marking the
phase in which the increase in accommodation due to sea-level rise abruptly exceeded the peat
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production rate (Bohacs and Suter, 1997), has been dated to 9.2 cal ky BP from the Song Hong
River (Hori et al., 2004), whereas it slightly post-dates 9.3 cal ky BP in the Rhône delta (Amorosi et
al., 2013a), 9.4 cal ky BP in the Pearl River (Zong et al., 2009), and 9.6 cal ky BP in the Tuscan
coastal plain (Amorosi et al., 2013b). In their detailed study on the Tokyo lowland, Tanabe et al.
(2015) report the alluvial/tidal flat transition from core GS-KBH-1 to have occurred at 9.5 cal ky
BP.
The age distribution between 8.0 and 7.5 cal ky BP of the maximum flooding surfaces identified
in four Italian coastal plains facing both the Tyrrhenian Sea and the Adriatic Sea (Amorosi et al.,
2012; 2013b; 2016; Breda et al., 2016), are in agreement with the age of parasequence 3 (Fig. 6).
The complete melting of the former ice caps, around 8.0–7.5 cal ky BP (Pirazzoli, 2005), drove
maximum marine ingression and sea level around its present position (mwp-1d – Fig. 6). Nearly
stable sea-level conditions were conducive to worldwide delta initiation (Stanley and Warne, 1994).
Given the flattening of the eustatic curve after 7 cal ky BP (Fig. 6), we can rule out global sea level
as the dominant controlling factor of highstand parasequence development.

Fig. 6. Comparison between post-glacial sea-level curves from the Mediterranean area, the Western Pacific and the
Atlantic, and the timing of parasequence (in red) development in the Po Plain. Relative sea-level index points from
tectonically stable areas of the western Mediterranean are from Vacchi et al. (2016). LST: lowstand systems tract, TST:
transgressive systems tract, HST: highstand systems tract, TS: transgressive surface, MFS: maximum flooding surface,
A: aggradation, R: retrogradation, AP: aggradation to progradation, YD: Younger Dryas. MWP and mwp: meltwater
pulses. The TST is defined here as a ‘succession of backstepping or retrogradational parasequences’ (Posamentier and
Vail, 1988), with no implied relationship between sea level and systems tract development, and coincides with the
retrogradation stacking (R) of the accommodation succession defined by Neal and Abreu (2009).
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Although we do not expect highstand parasequences to be realistically recognizable on a basin
scale, we demonstrate here that they can be traced individually over areas > 300 km2 wide,
transcending depositional system boundaries. As argued by Catuneanu and Zecchin (2013), the
autogenic shifting of deltas is likely to impact depositional processes not only in the deltaic
depositional system, but also significantly modifying sediment supply to the adjacent open
shorelines. This implies that autogenic-driven parasequences might be identifiable across large
expanses of the coastal system, losing their readily recognizable character only when moving to
different segments of the source-to-sink system, such as the alluvial realm (farther inland) or the
shelf (basinwards).
9. Conclusions

The Holocene depositional history of the Po coastal plain was reconstructed through
stratigraphic correlation of eight parasequences developed on millennial time scales. Individual
parasequences were physically traced confidently across the entire study area through a
stratigraphic framework, additionally constrained chronologically by 132 radiocarbon dates.
Changes in water depth, salinity and confinement levels were estimated from biofacies analysis,
using meiofauna and mollusks, which allowed us to trace parasequence boundaries for tens of km
landwards of the coeval shorelines.
We assessed architectural styles and the impact of short-term sea-level fluctuations on systems
tract configuration. Backstepping parasequences (1–3) display a consistent and predictable pattern
of transgressive deposits that records the transformation of the coastal plain into a wave-dominated
estuary. The rapid landward migration of the transgressive barrier complex and related facies belt is
punctuated by a set of higher-frequency (centennial-scale) flooding surfaces. Conversely, highstand
parasequences (4–8) exhibit a complex aggradational to progradational stacking pattern of deltaic
and coastal deposits. Sedimentation rates reveal strong sediment volume partitioning, with
considerable sediment storage in the coastal plain during transgression, followed by sediment bypass and coastal progradation during sea-level highstand.
The detailed chronostratigraphic framework enabled us to discriminate between allogenic and
autogenic processes that may have driven the observed changes in parasequence development and
shoreline trajectory. Eustasy appears to be a dominant control on stratigraphic architecture of Early
Holocene parasequences, as documented by the striking correlation between the ages of our
flooding surfaces 1–3 and global/Mediterranean sea-level fluctuations. Conversely, parasequence
development in Middle to Late Holocene deposits appears to have been dominantly controlled by
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autogenic processes (channel avulsion and delta lobe switching) during the generalized phase of
sea-level stabilization.
This study enhances our knowledge about depositional controls and the stratigraphic response of
coastal systems to short-term (millennial-scale) sea-level fluctuations, providing fundamental
insights into modelling and prediction of parasequence architecture from the rock record.
Reconstructing the dominant environments of deposition over millennial time scales (i.e., individual
parasequences) is likely to provide a much more robust and detailed mapping of the extent and
thickness of sediment bodies than using systems tracts. In the study area, where sea-level control on
parasequence stacking patterns and shoreline trajectory is documented rather than inferred, we see
that parasequences developed on similar spatial and temporal scales, irrespective of their allogenic
or autogenic controlling mechanisms. Parasequences of allogenic origin can be traced basinwide.
Parasequences governed by autogenic mechanisms can be traced over areas at least 300 km2 wide,
across distinct depositional systems. Only at the basin scale, their bounding surfaces are likely to
become poorly predictable. These observations suggest that similar patterns in ancient strata could
be used to infer the relative influence of allogenic and autogenic controls.
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1. Introduction

Overview: The Late Pleistocene to Holocene (post-Last Glacial Maximum) succession of the
Po River Plain, northern Italy, illustrates the expression of sequence-stratigraphic surfaces and
stratal units in paralic and coastal plain settings that are transitional in character and processes from
those of most of the mudstone units considered thus far in this book plain (Figure 16.1). As
discussed in preceding chapters, sequence-stratigraphic framework portrays the ultimate resultant of
the interaction of all processes that influence accommodation and sediment-supply rates (e.g.,
Jervey, 1988; Posamentier and Vail, 1988; Wright and Marriott, 1993: Shanley and McCabe, 1993,
1994; Martinsen et al., 1999; Bohacs, 1998, 2000; Muto and Steel, 2000). The Late PleistoceneHolocene (LP-H) succession of the Po Plain is an excellent place to study how the stratal record of
changing sea level is mediated by sediment supply rates (detrital and biogenic) as well as by all the
components of accommodation (e.g., subsidence, compaction, groundwater table) for four reasons:
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1) sea-level changes are well constrained, 2) excellent age control for correlation from marine to
continental zones, 3) abundant, closely spaced core holes and wells, and 4) macro- and microfossils have currently living forms (or cousins) whose environmental preferences are well known.
One of the significant changes across this range of depositional settings is that the ultimate upper
limit on accommodation changes from the level of standing water in the shallow marine zone to the
level of the groundwater table (Kivinen and Parkarinen, 1981; Shanley, 1991; Diessel, 1992; Aitken
and Flint, 1994, 1995; Bohacs and Suter, 1997) or stream equilibrium profile (Powell, 1875; Bull,
1979; Jervey, 1988) in the coastal-plain zone. Our study shows how applying the sequencestratigraphic method and approach from first principles in these transitional environments can
provide insights into the accumulation of mud and mudstones in a setting that is the critical link
between continental hinterlands and marine depositional basin.
The LP-H succession in the Po Plain area records a wide range of depositional conditions, from
marine inner shelf and prodelta, through barrier islands, lagoons, and bay-head deltas, to fluvial
channels, floodplain, and swamps (e.g., Amorosi et al., 2003, 2005; Rossi and Vaiani, 2008;
Wittmer et al., 2014; Campo et al., 2017). These depositional sub-environments left distinctive
records in stratal geometry, facies, fossils, and geochemistry that are amenable to detailed sequencestratigraphic analysis due to their variable character and the abundant subsurface data available
across the study area. As well, exceedingly high-resolution age dating allows confident correlations
from well-understood shallow-marine areas to the continental realm of the coastal plain (Figure
16.1c; see discussions in Amorosi and Colalongo, 2005 about the power of investigating Late
Pleistocene to Holocene intervals). A large amount of previous work on many facets of the system
have been published since 1950 (e.g., Reeves, 1953; Ciabatti, 1966; Nelson, 1970; Rizzini, 1974;
Bondesan et al., 1995; Regione Emilia-Romagna and ENI-AGIP, 1998; Marchesini et al., 2000;
Scarponi and Kowaleski, 2004, among many others).
This example offers an opportunity to examine the expression of parasequences, depositional
sequences, and key surfaces in a setting that is significantly different from the more commonly
studied marine settings. Although coastal plains may seem quite different from oceans, the
influences on sediment accumulation have enough similarities with oceans that their differences tell
us much about what is really essential about sequence stratigraphy—and what is an accident of the
depositional setting. The sequence-stratigraphic approach of looking at a hierarchy of rock packages
bounded by various surfaces works very well in coastal-plain strata. In studying coastal-plain
strata, we recognize the same types of sequence-stratigraphic surfaces as in fully marine settings
along with similar stratal stacking patterns. The expression of parasequences and sequences differ,
however, because of significant differences in systems dynamics and responses. Despite these
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differences, we see that the sequence-stratigraphic approach works well for paralic and coastal-plain
settings, but different models are needed to summarize the expression of parasequences and
depositional sequences in those settings (Amorosi et al., 2005; Bohacs, 1998)— just as shallow
marine-carbonate sequences look different from shallow-marine-siliciclastic sequences and require
separate models.

Figure
16.1: Global
and regional
location maps,
stratigraphic
column, and
data control
map.
A.
First-order
paleogeograph
y of Holocene
(present day)
showing midlatitude
location
of
study area (red
box;
after
Bohacs et al.,
2012;
Markello
et
al., 2007);
B.
Continental to
basin-scale
location maps
showing the
relation of the
Po Plain basin
to surrounding
basins, uplifts,
and sediment
sources
(modified
from Amorosi
et al., 2015).
C.
Chronostratigr
aphic section
of Po Plain
area showing
context of the
Upper
PleistoceneHolocene (UP-H) succession (modified from Amorosi et al., 2004). D. Data control map, showing location of the
36 wells and core holes, and 330 CPTU tests used in this study, along with the trace of the main cross sections.
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The Po Plain LP-H succession contains detailed records of the two most common settings
for accumulating land-plant organic matter as bedded peat or coal (i.e., paralic and floodplain—
Diessel, 1992; Bohacs and Suter, 1997). It is analogous to the setting of many notable hydrocarbon
source rocks (e.g., Cenozoic, Gippsland Basin, Australia; Cenozoic, Malay Basin, Malaysia;
Cenozoic, Mahakam Basin, Indonesia; Curry et al., 1992; Curry and Bohacs, 2002; Riedeger et al.,
1997; Welte et al., 1984; Jackson, 1984) and coal seams (Miocene brown coals, North-West
European Tertiary Basin; Cretaceous Blackhawk Formation, Utah; Permian Coal Measures, Sydney
Basin, Australia; Permian Rio Bonito Formation, Parana Basin, Brazil; Carboniferous Westphalian
B coal measures, Northumberland, UK; see summary in Diessel, 2007). Indeed, coaly/paralic
source rocks are associated with ~20 % of global hydrocarbon production (Scott and Fleet, 1992;
Bohacs and Suter, 1997), and some coal seams can also function as hydrocarbon reservoirs (Byrer
et al., 1987; Kaiser, 1993; Rice, 1993; Bustin and Clarkson, 1998; Ayers, 2002).
Our information comes from studies of the LP-H succession conducted by numerous
scientists at the University of Bologna and ISMAR (Amorosi et al., 1999a, 1999b; Correggiari et
al., 1996; Ridente and Trincardi 2005; Scarponi and Kowalewski, 2007; Steckler et al., 2007; Piva
et al., 2008; Ridente et al., 2008; Scarponi and Angeletti, 2008; Maselli et al., 2011) over the last
few decades, along with a more recent work conducted in collaboration with ExxonMobil Upstream
Research Company, and from other published studies (e.g., Stefani and Vincenzi, 2005; Curzi,
2006; Dinelli et al., 2007; Rossi and Vaiani, 2008; Scarponi et al., submitted). For the detailed
stratigraphic reconstruction of the last 30ky of Po Basin deposits shown in this chapter, we studied
29 stratigraphic borehole descriptions of Regione Emilia-Romagna Geological Survey, 330 closely
spaced piezocone penetration tests (CPTU) and 17 new continuous boreholes in a pilot study area of
~ 700 km2 in the Ferrara and Ravenna area coastal plain (Figure 16.1d). Conventional core
descriptions provided facies characteristics, sediment textures and vertical trends, bedset thickness,
presence of accessory materials (plant, wood, and shell fragments), reaction to HCl acid, macrofossil occurrences, and color, along with values for pocket penetrometer and vane tests at decimeter
spacing (see Figure 16.2A for a representative example).
Unfortunately, the conventional cores are broadly spaced (5-10 km), but the incorporation of
more closely spaced boreholes with CPTU tests provided the information for constructing a highresolution sequence-stratigraphic framework (well spacing from 1 to 2 km, average ca. 1.5 km). In
the boreholes, the lateral extent and geometry of sedimentary bodies were identified on the basis of
the interpretation of CPTU test profiles (Figure 16.2B). CPTU tests measure the soil resistance to
penetration at the tip of the penetrometer (Qc) and friction along the sleeve (fs) of the tool. The
piezocone penetrometer differs from normal static-cone penetration tests by the incorporation of a
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porous element that allows pore-pressure measurement (u). The primary application of CPTU tests
is for stratigraphic profiling but, if properly calibrated with adjacent cores, can be a very effective
and cost-efficient tool for identifying facies (showing boundary characteristics and grain-size
trends) and for stratigraphic correlation (Amorosi and Marchi, 1999). In this study, CPTU tests
were used to distinguish two additional facies within the muddy realm of the overbank deposits
(beyond fluvial channel, crevasse splay, levee, and floodplain of Amorosi and Marchi, 1999): peat
layers and paleosols, discussed in the next section. As part of the more recent collaborative study,
seven cores were acquired to increase the coverage of detailed facies descriptions in the study area
and to test the interpretation of CPTUs.

Figure 16.2: A: Representative portion of
an integrated core description that formed the basis
for delineating facies and the interpretation of facies
association, depositional sub-environment, and
preliminary
sequence
stratigraphy.
These
descriptions capture a wide range of physical,
chemical, and biogenic properties, including
sediment texture, composition, and bedding, as well
as vertical trends in those parameters, presence of
accessory materials (plant, wood, and shell
fragments), reaction to HCl acid, macro- and microfossil occurrences, and color, along with values for
pocket penetrometer and vane tests at decimeter
spacing. B: Results of a standard piezocone test
(2014010U508) with facies interpretation (see
“facies” section for discussion), including
measurements of cone tip resistance (qc), sleeve
friction (fs), and pore water pressure (u). The
calculated parameter FR (friction ratio) is reported on
the right. u0: static equilibrium pore pressure.

More

than

350

samples

were

analyzed for major and trace elements
composition,

as

micropaleontology
and

of

as

(benthic

ostracods).

interpretations
ostracod

well

for

foraminifers

Paleoenvironmental
benthic

assemblages

foraminifer-

were

based

on

autoecological characteristics and spatial
distribution

patterns

of

the

modern

meiofauna from coastal and shallow-marine environments (Breman, 1975; Jorissen, 1987;
Athersuch et al., 1989; Albani and Serandrei Barbero, 1990; Henderson, 1990; Montenegro and
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Pugliese, 1996; Ruiz et al., 2000; Donnici and Serandrei Barbero, 2002; Frezza and Di Bella, 2015).
Paleoecologic inferences were also based on a network of ~600 mollusk samples (see Kowalewski
et al., 2015 and references therein).
The strata of the LP-H succession can be correlated over more than 700 square kilometers
across the study area (Figure 16.1b, d). Age control comes from carbon-14 radiometric dating,
oxygen-isotope analyses, and

14

C calibrated amino-acid racemization, supplemented in the upper

horizons by archaeological observations and historical published maps (Amorosi et al., 1999, 2003,
2005; Scarponi et al., 2013).
All of these data were imported into Petrel to construct cross sections, maps of facies and
net/gross maps, and a three-dimensional geological model for each systems tract.

2. Geological Background

The Po Plain occupies a developing foreland basin that is being formed by the gradual
migration of the African plate toward the European one, with the resulting subduction of the
Padano-Adriatic microplate, which started in the Cretaceous (Pieri and Groppi, 1981; Dercourt et al.
1986). This foreland basin is bounded by the Alps to the north and the Apennine Mountains to the
south. Three main deformation phases led to the modern physiography (Abbate et al., 1986;
Boccaletti et al., 1990; Dalla et al., 1992):
1. transtensive phase, with the opening of the Ligurian-Piedmont ocean, during the Early
Cretaceous;
2. collisional phase characterized by compression during the Early Cretaceous and
convergence directed N-S between Africa and Europe during the Late Cretaceous-Early
Eocene;
3. post-collisional phase (from Late Eocene) in ensialic regime.
The upper portion of the Po Basin fill consists of a package of sediments up to 800 m thick that
accumulated during the Pliocene to Holocene (see Pieri and Groppi, 1981). This chapter
concentrates on the record of the basin fill since the last glacial maximum (LGM, ca. 26-19 ky BP).
Although the LP-H succession accumulated after the LGM, the global climate was still in an
overall icehouse mode. Sea level was on a general rising trend punctuated with pauses or slight falls
at the millennial scale (Shackleton and Opdyke, 1973; Chappell and Shackleton, 1986; Shackleton,
1987; Fairbanks, 1989; Bard et al., 1996; Fleming et al., 1998; Peltier, 2002; Lambeck et al., 2004;
Liu and Milliman, 2004; Clark et al., 2009;

Figure 16.1C). These sediments accumulated under
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the influence of two fluvial systems: the Po River (a major regional trunk stream whose headwaters
are in the Alps to the north) and the Apennine rivers (smaller, local streams whose headwaters are
in the Apennine Mountains to the south). Together, these hydrographic systems spanned ca.
190,000 km2 (Maselli et al., 2011). The provenance terranes of the two river systems are distinctly
different: the Po system being dominated by ophiolitic and metamorphic rocks, whereas the
Apennine system is dominated by carbonate-rich sedimentary rocks (Marchesini et al., 2000;
Amorosi et al., 2002). These differences are discussed in detail in a following section.
The study area is located in what is now a mid-latitude (~ 45º N) semi-continental climate
with foggy, damp and chilly winters (average air temperature is >16°C, see Costantini et al., 2013);
conditions earlier, especially during LGM and YD, in the succession were distinctly cooler and
drier (Orombelli and Ravazzi, 1996; Marchetti, 2002; Amorosi et al., 2004; Kettner and Syvitski,
2008; Maselli et al., 2011). The basin was asymmetrical throughout deposition, with a steep
southern margin and extensive gently sloping margins to the west and north. The study area
spanned alluvial and coastal plains through lagoons and various back-barrier areas, to shallow
marine environments (e.g., Amorosi et al., 2003, 2005; Campo et al., 2017).
This study focuses on deposits of the last 30 ky of the Po Basin, including the last T-R
cycle, herein informally termed the Uppermost Pleistocene to Holocene (LP-H) succession. Close to
the upstream basin margin, the stratigraphic architecture of the LP-H succession is dominated by
amalgamated alluvial-fan gravel bodies that pass downstream to mud-prone alluvial plain deposits
(Amorosi et al., 2014). Still farther basinward, in contrast, the stratigraphic architecture of the
Romagna coastal plain and in the subsurface of the modern Po River Delta comprises littoral to
shallow marine deposits of Holocene age, unconformably overlying alluvial plain deposits of
Pleistocene age (Amorosi et al., 2008).
Four fundamental phases have been identified in the evolution of the LP-H succession
(Amorosi et al., 2003):
1. Ca. 26.5-19 ky BP (glacial maximum): development of a wide alluvial plain over the
entire northern Adriatic area during sea level Lowstand associated with the last
glaciation. At the end of the Last Glacial Maximum ca. 19 ky BP), sea level was about
120 m below the present day level, and the paleo-shoreline was ca. 250 km to the
southeast of its present position;
2. 19 to 6 ky BP (late glacial and early Holocene): rapid landward migration of a barrierisland—lagoon—estuary system (Trincardi et al. 1994) in response to the rapid rise of
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sea level and reduced siliciclastic influx. At the time of the maximum flooding, the
paleo-shoreline was located approximately 20–30 km W of its present position;
3. 6 to 0.9 ky BP (early phase of sea-level highstand): construction and rapid
progradation of a wave-dominated early Po River Delta located tens of kilometers to the
south of its present-day position and flanked by prograding strand plains;
4. 0.9 ky BP to present (main phase of sea-level highstand): ca. 30 km northward
shifting of the Po Delta complex toward its present position due to the Ficarolo avulsion
in the twelfth century A.D., and formation of the present configuration of the Po Plain.

Although the Holocene stratigraphy beneath many modern delta plains has been largely
explored and a worldwide stratigraphic framework firmly established, the relative impact of the
short-term/high-frequency processes (autogenic vs allogenic) it is still not fully addressed in the
majority of traditional sequence–stratigraphic models (Posamentier and Vail, 1988; Hunt and
Tucker, 1992; Helland-Hansen and Martinsen, 1996; Posamentier and Allen, 1999; Plint and
Nummedal, 2000). Holocene to Modern strata provide the opportunity to investigate sequences that
reflect shorter time periods than 4th-order cycles (nominally 100 ky to 150 ky in duration; Mitchum
and Van Wagoner, 1991): recurring cyclic patterns at the scale of 5th- and 6th-order cycles have been
described from the Mississippi delta (Lowrie and Hamiter, 1995), the Ebro delta (Somoza et al.,
1998), and the Po delta (Amorosi et al., 2005). The Holocene stratigraphic coastal architecture has
been observed to include a distinct stacking pattern of parasequences on a millennial time scale, but
few studies (Kosters and Suter, 1993; Farrell, 2001; Leorri et al., 2006) have been done on the
characteristics shown by parasequences in continental to lower-coastal-plain strata, where facies
variations can be quite subtle.
The aim of this work is to demonstrate how the integrated sequence-stratigraphic approach
can be used to investigate the response of the Po system to ultra-high-frequency sea-level changes
in the Holocene, moving landward from the modern coastal line, through the detailed stratigraphic
and sedimentological characterization of parasequences on time scales of 103 yr.

3. Facies

The Upper Pleistocene-Holocene succession contains a wide variety of muddy facies, most
notably wavy bedded Argillaceous-Carbonaceous to Kerogenous fine Mud, wavy bedded Siliceous
and Argillaceous fine Sand to medium Mud, and wavy bedded to churned Argillaceous and
Carbonaceous to Kerogenous fine Mud, as well as churned Argillaceous fine to medium Mud,
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churned Argillaceous-Calcareous fine to coarse Mud, and churned Argillaceous-Carbonaceous fine
Mud (Figure 16.3a). Coarser grained facies include sandstone and muddy sandstone of
sublitharenite, litharenite, and arkose composition (Table 16.1; Marchesini et al., 2000). Calcareous
micro- and macro-fossils are common to abundant, as are palynomorphs (Table 16.2). Organicmatter accumulations range from carbonaceous mud to bedded peats (TOC contents at the
kerogenite level). The Upper Pleistocene-Holocene succession contains a wide variety of muddy
facies, most notably wavy bedded Argillaceous-Carbonaceous to Kerogenous fine Mud, wavy
bedded Siliceous and Argillaceous fine Sand to medium Mud, and wavy bedded to churned
Argillaceous and Carbonaceous to Kerogenous fine Mud, as well as churned Argillaceous fine to
medium Mud, churned Argillaceous-Calcareous fine to coarse Mud, and churned ArgillaceousCarbonaceous fine Mud (Figure 16.3a). Coarser grained facies include sandstone and muddy
sandstone of sublitharenite, litharenite, and arkose composition (Table 16.1; Marchesini et al.,
2000). Calcareous micro- and macro-fossils are common to abundant, as are palynomorphs (Table
16.2). Organic-matter accumulations range from carbonaceous mud to bedded peats (TOC contents
at the kerogenite level).

Figure 16.3a: Graphic summary of the range of texture and composition of the freshwater to brackish
facies found in the Upper Pleistocene-Holocene succession. Shape indicates facies association (F-1 to FA-10),
location specifies texture (grain size), and colors summarize composition (fill = dominant component, outline =
subordinate component). See text for description of facies.
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Bedding styles can be challenging to determine in cores of these relatively soft sediments
due to disturbance during core acquisition. In any event, they appear to range from continuous,
wavy-parallel to discontinuous, wavy non-parallel, with abundant evidence of bottom currents:
scours, a variety of graded-bed types, current and wave ripples, and planar-parallel beds (Figure
16.3b).

Fig. 16.3b: Sedimentary features in thin sections from new cores.

The Upper Pleistocene-Holocene succession (last 30ky) of the study area contains a wide variety
of facies (Amorosi et al., 1999; 2003), summarized in Table 16.1 and Figure 16.3a:
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1. Churned Argillaceous and Argillaceous-Calcareous fine to coarse Mud:
Subtly varying, apparently monotonous successions up to 12 m of grey clays and
silty clays with bioturbation, root traces and mottling obscuring the bedding.
Yellow and orange alteration colors, due to iron oxides, are common. No
sedimentary structures are locally observed, with the exception of faint horizontal
laminations. No microfossils are recorded. As for mollusks, few occasionally,
poorly-preserved shells pulmonate gastropods (e.g. Cernuella) accompanied by
fragments/opercula of freshwater mollusk (e.g. Bithynia) occur. Some of the mud
is calcareous-argillaceous in composition (Amorosi et al., 2002). Within this
facies association, Black to dark-brownish, organic and decalcified clays
overlying lighter, iron mottled, stiff clays and silts, rich in carbonates concretions,
are interpreted as weakly developed paleosols (Inceptisols) with an A and Bk
horizons, developed mostly on floodplain clays. These features indicate short
periods of subaerial exposure on the order of 3,000-4,000 years (Amorosi et al.,
2014a), possibly favoured by channel-avulsion episodes. Paleosols are readily
recognized using CPTU test thanks to a subtle increase in both qc and fs values
and a sharp decrease in pore water pressure (u = u0). Values of u close to zero in
fine-grained deposits are characteristic of heavily consolidated clays (Mayne et
al., 1990; Chen and Mayne, 1996). Paleosols can be recognized in boreholes and
conventional continuous core descriptions because of the specific physical and
geotechnical properties that can be extracted from routine core descriptions as
recently shown by Amorosi et al. (2015a), although they might be missed by
inexperienced geologists. Color, soil reaction to hydrochloric acid, and pocket
penetrometer values (a handy geotechnical tool that measures unconfined
compressive strength of fine-grained deposits), are powerful tools for recognizing
paleosols and significantly reducing stratigraphic uncertainty. For example, Late
Quaternary Inceptisols of the southern Po Plain are characterized by higher
penetration values (2.5-3 kg/cm2 for the A horizon, to 3.5-5.5 kg/cm2 for the Bk
horizon, with a gradual transition) than traditional non-pedogenized and well
drained floodplain deposits (ca. 2 kg/cm2). Based on the dominance of bioturbated
and oxidized muddy horizons these deposits are interpreted to be floodplain clays
recording background deposition of mud by suspension, in a low-energy,
subaerially exposed environment;
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2. Churned Argillaceous-Carbonaceous fine Mud: Locally grey, organic-matterrich clay with roots and plant remains, some of the mud is argillaceous-calcareous
in composition (Amorosi et al., 2002).Few well-preserved valves of freshwater to
low-brackish ostracods, (e.g., Pseudocandona and Candona), along with euritopic
valvatiid gastropods, occasionally occur. This facies likely accumulated in areas
of low topographic relief with poor drainage and high water table and are
interpreted as poorly drained floodplain deposits.
3. Cross-bedded Siliceous coarse to medium Sand: Coarse to medium sand
bodies, up to 8m thick, with erosional lower boundaries and internal finingupward trends. The upper boundary with the overlying muds can be either sharp
or gradational. Pebble layers and wood fragments are locally present in the lower
part of the sand body. Sedimentary structures are locally preserved and include
unidirectional high-angle cross-stratification. An autochthonous meiofauna is
lacking. Scarce and poorly preserved marine foraminifers accompanied by
scattered fragments of freshwater ostracods are rarely encountered. Mollusks are
commonly sparse and represented mainly by Pisidium and Bithynia specimens.
These sands are typically of litharenite to arkosic modal composition (Q45F20L35)
with abundant limestone fragments (Marchesini et al., 2000).

These

characteristics enable the interpretation of this facies as fluvial-channel deposits.
The sharp boundary with the overlying mud-prone deposits reflects abrupt
channel

abandonment,

whereas

transitional

contacts

suggest

gradual

abandonment;
4. a) Cross-bedded Siliceous and Argillaceous muddy Sand to medium Mud/
b) Cross-bedded Siliceous fine Sand to sandy Mud: a) Cm-to dm- alternations
of silty sands, sandy silts and clayey silts, grey to brownish in color, up to 5 m
thick, generally exhibiting sharp bases and fining-upward tendencies. This
heterolithic deposits are interpreted as natural fluvial levees, with sand proportion
decreasing as the distance from the channel axis increases; b) grey fine sand
bodies, generally less than 1.5m thick with (i) sharp base and gradual top, with
internal fining-upward trends interpreted as crevasse channels, or (ii) gradual
transition from the underlying muds, with sharp top and coarsening-upward
tendency interpreted as crevasse splays. Sand composition is mostly litharenitic
to arkosic, as described for Facies associations 3 (Marchesini et al., 2000).
Macrofossils and microfossils are commonly absent. A scarce, poorly-preserved
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assemblage composed of tests of marine foraminifers and fragments of freshwater
ostracods is locally found within sand layers.
5. Wavy bedded Argillaceous-Carbonaceous to Kerogenous fine Mud: Soft grey
and dark grey clays up to 18m thick, with plant debris, wood fragments and very
rich in peat layers. This facies is characterized by horizontal bedding due to
vertical variations in grain size (cm-scale) and thin organic-rich layers. These
sediments are characterized by a typical ostracod fauna composed of freshwater to
low-brackish species, such as Pseudocandona albicans and Candona neglecta
(see next section for details). Diagnostic mollusk taxa are: Succinea putris and
Bithynia tentaculata. These deposits are interpreted to have been deposited in
paludal/swampy environments under predominantly reducing conditions.
Horizontal lamination is inferred to be the result of the progressive accumulation
of organic material, interrupted by occasional flood events. Peat layers can be
recognized in CPTU tests thanks to the presence of sharp peaks in the qc, fs and u
within swamp clays with extremely low qc values;
6. Wavy bedded Siliceous and Argillaceous medium to fine Sand to medium
Mud: Medium to fine and very fine sand bodies, up to 4 m thick, with common
silt intercalations, a few cm to dm thick. Unidirectional, high-angle crosslamination, along with flat lamination and ripple cross beds are common
sedimentary structures. Plant debris is abundant. The scarce ostracod fauna is
dominated by poorly-preserved valves of the euryhaline Cyprideis torosa, with
the secondary occurrence of freshwater species belonging to Ilyocypris genus.
Sparse thin-shelled Cerastoderma along with hydrobiids gastropods are also
encountered. As regard sand composition, refer to Facies 3 (Marchesini et al.,
2000). This facies, which reflects the alternation of migrating unidirectional
bedforms with slack water sediment fallout and local wave activity, is interpreted
as bay-head delta deposits.
7. Wavy bedded to churned Argillaceous and Carbonaceous to Kerogenous fine
Mud: Organic-matter-rich clays in intervals up to 2-3 m thick with local peat
accumulations, along with shell fragments and an abundant meio and macrofauna
dominated by the euryhaline ostracod C. torosa, and the bivalve Abra segmentum
typify this facies. In addition, benthic foraminifers (Ammonia tepida and
Haynesina germanica) typical of high-confinement (Hc) semi-barred coastal
basins are interpreted as “brackish” deposits for the purpose of making maps of
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depositional environments. On the basis of detailed fossil analysis, this facies can
be subdivided into 4 sub facies (salt marsh, mud flat, central lagoon/bay, outer
lagoon/bay);
8. Wavy bedded to churned Siliceous muddy fine Sand: the transition from
brackish and nearshore depositional environments is locally characterized by very
fine silty to medium grey sands, generally 0.5-1 m thick. This facies commonly
has transitional lower boundary to lagoonal mud, and is separated from overlying
transgressive shoreface sands by a characteristic erosional surface. It is
characterized by a diagnostic poorly-preserved microfossil assemblage mainly
composed of Ammonia beccarii; Elphidium spp. and Cyprideis torosa (see Table
16.2). No diagnostic macrofossil association characterizes this facies. The
corresponding high-energy, back-barrier environment is interpreted to represent a
washover fan;
9. Cross-bedded Siliceous very fine Sand to muddy Sand: Silty sands to very fine
sand sheets, 0.3-2 metres thick, with abundant shelly material (shoreface to
shallow marine mollusk), characterized by an erosional surface covered by a
shell-rich, ecologically-mixed layer 5-30 cm thick. Sand composition is mostly
litharenitic (modal composition Q35F16L49 - see Marchesini et al., 2000). Textural
characteristics, the presence of marine shells, and the occurrence of a scarce
shallow-marine meiofauna dominated by Pontocythere turbida, Ammonia
beccarii and Elphidium crispum indicate that sand deposition took place in a
high-energy littoral environment. This deposits are interpreted to be
transgressive barrier island;
10. Cross-bedded and churned Siliceous-Argillaceous very fine Sand, medium
Mud, and fine Mud: Repetitive alternation of grey clays-silty clays and very fine
sand layers with abundance and diverse shallow-marine macrofossils (Bittium
submammillatum and/or Lembulus pella), foraminifers (including Miliolidae,
Ammoniae, Elphidiae) and ostracods (mainly Semicytherura species). Sand layers
show both erosional bases and tops and generally show a distinct normal grading.
Sand composition is mostly litharenitic, as described for Facies 9 (Marchesini et
al., 2000). These features indicate the offshore—lower-shoreface transition
environment;
11. Cross-bedded Siliceous very fine to fine Sand to sandy Mud: Fossiliferous
very fine to fine-grained sand, silt is locally interbedded. Sand composition varies
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as a function of sediment provenance (mixed, Alpine and Apennine contribution)
and transport. Sand supplied by the Po River is mostly arkosic Q53F27L20, rich in
metamorphic rock fragments, with locally abundant limestone and volcanic lithic
fragments (Marchesini et al., 2000). This facies is characterized by relatively
diverse mollusk assemblages, key mollusk taxa are Chamelea gallina and
Atlantella distorta. The meiofauna is dominated by shallow-marine Ammonia
beccarii and Elphidium crispum (Table 16.2). These deposits are defined as
lower shoreface;
12. Cross-bedded Siliceous-Argillaceous-Calcareous very fine Sand, medium
Mud, and fine Mud: Similar lithological features and composition to the
previous facies, plus a significantly higher abundance of wood fragments and
plant debris and fauna composed of opportunistic species tolerant to variable
conditions (e.g., Ammonia tepida, Nonionella turgida and Palmoconcha turbida,
Corbula gibba and/or Turritella commmunis ) reflect increasing influence of fresh
waters. In this respect, this facies is interpreted to reflect flood episodes in a
prodelta environment (cf Bohacs et al., 2014; and our Chapter 5, Figure 5.2);
13. Cross-bedded Siliceous medium to coarse Sand: Medium- to coarse-grained
arkosic to litharenitic sand (as for Facies 12) with abundant bioclastic debris and
key bivalves: Lentidium mediterraneum and Donax are defined as uppershoreface deposits;
14. Parallel-bedded to churned Siliceous-Calcareous medium to coarse Sand:
Medium- to coarse-grained arkosic to litharenitic sand (as for Facies 12) with
common plant remains and bioclastic debris constitute the foreshore/backshore
deposits;
15. Churned to wavy bedded Argillaceous and Carbonaceous fine to medium
Mud: Grey carbonaceous clay to silty clay containing undecomposed organic
matter with cm-dm sand layers. River influence can be reflected by peculiar meio
and mollusk species. CPTU values are generally less than 1 MPa and average
around 0.5 MPa. All the sedimentological and paleontological characteristics are
peculiar of a “shallow marine” depositional system. On the basis of detailed
paleontology, this facies can be subdivided into 5 sub facies associations (deltafront transition, offshore transition, offshore, proximal prodelta, distal prodelta;
see Table 16.2);
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Table 16.1 Facies

1. Churned Argillaceous fine to medium Mud
2. Churned Argillaceous-Calcareous fine to coarse Mud
3. Churned Argillaceous-Carbonaceous fine Mud
4. Cross-bedded Siliceous c-m Sand
5. Cross-bedded Sillceous and Argillaceous muddy Sand to medium Mud
6. Cross-bedded Siliceous f Sand to sandy Mud
7. Wavy bedded Argillaceous-Carbonaceous to Kerogenous fine Mud
8. Wavy bedded Sillceous and Argillaceous f Sand to medium Mud
9. Wavy bedded to churned Argillaceous and Carbonaceous to Kerogenous fine Mud
10. Churned to wavy bedded Argillaceousand Carbonaceous f-m Mud

Floodplain
Paleosol/Well-drained floodplain
Poorly drained floodplain
Fluvial channel
Fluvial levee
Crevasse channel/splay
Paludal/Swamp
Bay-head Delta
Lagoonal
Marine Embayment

11
12.
13.
14.
15.

Washover fan
Transgressive barrier island
Offshore-LSF
Prodelta
Lower shoreface

qtz

Upper shoreface
Foreshore/Backshore

qtz

shells

qtz

shells*

Wavy bedded to churned Siliceous muddy f Sand
Cross-bedded Siliceous vf Sand to muddy Sand
Cross-bedded and churned Siliceous-Argillaceous vf Sand, mMud, and fMud
Cross-bedded Siliceous-Argillaceous-Calcareous vf Sand, mMud, and fMud
Cross-bedded Siliceous vf-f Sand to sandy Mud

16. Cross-bedded Siliceous m-c Sand
17. Parallel-bedded to churned Siliceous-Calcareous m-c Sand

Legend:

I'clast
I'clast

qtz
qtz

nod

clay
qtz
qtz
qtz
clay

peat*

qtz

plants

clay

shells

clay

shells

qtz

Ss = sand
mSs = muddy sand
sMs = sandy mud
cMs = coarse mud
mMs = medium mud
fMs = fine mud

= dominant
= subsidiary

d = discontinuous
c = continuous

black border = dominant
no border = subsidiary

* compositional terms after Lazar et al., 2014

p = parallel
np = nonparallel

Tab. 16.1 Summary of facies texture, bedding, composition and component origin described in the text.

172

shells

qtz

plants

qtz

shells

shells

color = composition, as at left
border = dominant;
no border = subsidiary

p = planar
c = curved
w = wavy

Tab. 16.2 Key fossil assemblages of each facies

peat*

shells

qtz

= dominant
= subsidiary

Authigenic - in place

Authigenic - transported

Biogenic - in place

Biogenic- transported

Detrital - extra basinal

Detrital- intra basinal

kerogenite

kerogenous Ms

carbonaceous Ms

COMPONENT ORIGIN

Calc-Sil

Calcareous

Calc-Arg

Arg-Calc

Argillaceous

Arg-Sil

Sil-Arg

Siliceous

Sil-Calc

COMPOSITION*

c, p, p

d, p, p

c, w, p

d, w, p

d, c, np

d, w, np

fMs

BEDDING

m-f Ms

mMs

c-m Ms

cMs

sMs

Interpretation

mSs

Facies

Ss

TEXTURE

4. Facies associations

We distinguished five depositional systems in the LP-H succession of the northern portion of the
Po Basin based on commonly recurring succession of rocks with characteristic ranges of physical,
biogenic, and chemical attributes as well as stacking patterns of those properties (Amorosi et al.,
1999; 2003; Figure 16.4):
•

Alluvial-plain depositional system includes three different facies associations:
floodplain, levee/crevasse splay, fluvial channel (Figure 16.4a, b). No autochthonous
microfossils occur. Poorly preserved continental mollusks are locally retrieved, as well
as rare poorly-preserved tests of marine foraminifers and fragments of freshwater
ostracods (Amorosi et al., submitted)

•

Coastal-plain (Inner estuary (TST)/Upper delta plain (HST)) depositional system
corresponds to a depositional environment formed in a very low-gradient plain in
proximity to the sea. This facies association contains five facies: distributary channel,
levee and crevasse deposits (which have sedimentological characteristics similar to the
alluvial plain facies), poorly drained floodplain deposits, and swamp clay ones (Figure
16.4.a, b, d, e, f). The high abundance of organic clays and peats, the lack of paleosols
and brownish and yellowish alteration colors, suggest a frequently submerged
environment with short periods of subaerial exposure. Autochthonous microfossil
associations are dominated by freshwater to low-brackish ostracods able to tolerate
organic-rich, stagnant conditions (Pseudocandona albicans as prevailing species). Fossil
rich horizons of mainly freshwater mollusks (e.g., Bythinia and/or Planorbis) are locally
preserved (Amorosi et al., 2015). Bay-head delta sands contain a characteristic mixture of
poorly-preserved brackish (Cyprideis torosa) and freshwater species (Ilyocypris spp.).

•

Brackish (Outer estuary (TST)/Lower delta plain (HST)) depositional system occurs
in seaward position relative to the previous facies association. It is characterized by
lagoon clay (Figure 16.4a.h, 16.4b.c). Microfossil associations indicate a semi-protected
brackish environment with Cyprideis torosa and the high-confinement Ammonia tepida
as prevailing species. Mollusk assemblages and subtle changes in meiofauna content
allow separation between inner and outer lagoon facies associations (see Scarponi et al,
submitted).

•

Nearshore depositional system (Transgressive barrier island (TST)/StrandplainDelta front (HST)) is detectable in the coastal area and includes: washover deposits
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containing a typical poorly-preserved, mixed shallow marine-brackish fauna; the
transgressive lag, representing the product of wave erosion during shoreline
transgression, overlain by richly fossiliferous sands of ecologically mixed species in
distal settings (offshore) and ecological congruent, well preserved assemblages in
nearshore setting (see Scarponi et al., submitted) and also distinguishable by comparable
deposits of HST by higher frequency of peculiar taphonomic traces of trematodes
gymnophallidae (see Huntley and Scarponi, 2015); the vertical transition from lower
shoreface to upper shoreface and foreshore/backshore deposits is characterized by a
typical coarsening upward tendency that reflects a shallowing upward trend. Bioclastic
debris is abundant. The characteristic microfossil association consists of scarce to
abundant, infralittoral sand-lover species mainly represented by Elphidium crispum and
Ammonia beccarii (Table 16.2). Macrofossil assemblages represent a powerful tool for
resolving between lower shoreface characterized by more diverse fossil assemblages and
upper shoreface/foreshore deposits especially in proximity of river discharges were these
deposits record almost exclusively L. mediterraneum shells (Table 16.2).
•

Shallow-marine depositional system includes five different facies associations: the delta
front transition commonly barren in microfossils; the offshore transition and offshore
deposits, showing a relatively well-diversified fauna dominated by epiphytic infralittoral
species (Table 16.2); proximal and distal prodelta deposits, locally characterized by
oligotypic microfossil associations dominated by opportunistic species (Ammonia tepida
and Nonionella turgida, respectively) and monospecific horizons of gastropod T.
communis and/or bivalve C. gibba (Figure 16.4b.d; Campo et al., 2017) characterized by
spionid traces (Huntley and Scarponi, 2015). The upward decrease in diversity and
abundance of fauna, combined with the occurrence of Ammonia tepida, suggests the
onset of salinity-stressed conditions, reflecting a fresh water influence.

These strata record a depositional system with wide variations in depositional conditions,
bottom energy and oxygen levels. Variations of physical, chemical, and biogenic characteristics
indicate significant lateral and vertical changes in water salinity from fresh to fully marine,
relatively distal to proximal locations with respect to channel axes and shorelines, and oxic to
intermittently anoxic conditions.
These facies associations occur in repeated patterns discussed in the next section. Thanks to
sedimentological, geochemical and mineralogical analysis of both coarse-grained (Marchesini et al.,
2000) and fine-grained deposits (Amorosi et al., 2002) it is possible to understand their depositional
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history in terms of sediment provenance (Po vs Apenninic) through clear geochemical and
mineralogical signals (see next sections).
Figure
16.4:
A)
Images of commonly recurring
facies
in
core,
Upper
Pleistocene-Holocene
succession, illustrating interrelations of the various
textures, bedding styles, and
compositions of the facies in
core. See text for detailed
descriptions of facies: A:
paleosol (with A and Bk
horizons) and well drained
floodplain clays; B: poorly
drained floodplain clays; C:
fluvial channel sands; D:
fluvial levee; E: crevasse splay
sands; F: swamp clays; G:
bay-head delta sands; H:
lagoonal clays and sands; I:
transgressive barrier island and
washover fan sands; J:
prodelta clays (proximal and
distal prodelta); K: beach ridge
sands. B) Commonly recurring
facies associations of the UP-H
succession, illustrating the
relations between the facies in
core. See text for detailed
descriptions
of
facies
associations.A: alluvial plain
environment; B: upper coastal
plain environment; C: lower
coastal plain environment; D:
shallow marine environment.
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Authigenic - in place

Authigenic - transported

Biogenic - in place

Biogenic- transported

Detrital - extra basinal

Detrital- intra basinal

kerogenite

kerogenous Ms

carbonaceous Ms

Calc-Sil

COMPONENT ORIGIN

Calcareous

Calc-Arg

Arg-Calc

Argillaceous

Arg-Sil

Sil-Arg

Sil-Calc

Siliceous

COMPOSITION

c, p, p

d, p, p

c, w, p

d, c, np

d, w, np

fMs

BEDDING

m-f Ms

mMs

c-m Ms

cMs

sMs

mSs

Facies

Ss

Facies
Association

TEXTURE

d, w, p

Table 16.3 Facies Associations

Notes

Alluvial Plain:
1.
2.
3.
4.
5.
6.

Floodplain
Paleosol
Poorly drained floodplain
Fluvial channel
Fluvial levee
Crevasse channel/splay

I'clast
I'clast

qtz
qtz

nod

clay
qtz
qtz
qtz

Inner Estuary/Upper Delta Plain:
5. Fluvial levee
6. Crevasse channel/splay
7. Paludal

qtz
qtz
clay

peat*

* also forams, ostracods

peat*

* also forams

Outer Estuary/Lower Delta Plain:
9. Lagoonal
11. Washover fan

clay

shells

qtz

Transgressive Barrier:
11. Washover fan
12. Transgressive barrier island

qtz

13. Offshore-LSF

qtz

14.Prodelta

qtz

15. Lower shoreface (LSF)

qtz

16. Upper shoreface
17. Foreshore/Backshore

qtz

shells

qtz

shells*

qtz

shells

Shallow Marine:
shells
plants

shells

Beach-ridge:

Italics = shoreline and shallow marine Legend:
facies

= dominant
= subsidiary

Ss = sand
mSs = muddy sand
sMs = sandy mud
cMs = coarse mud
mMs = medium mud
fMs = fine mud

= dominant
= subsidiary

d = discontinuous
c = continuous

black border = dominant
no border = subsidiary

shells

* also plant debris

color = composition, as at left
border = dominant;
no border = subsidiary

* compositional terms after Lazar et al., 2014

p = planar
c = curved
w = wavy
p = parallel
np = nonparallel

Tab. 16.3 Summary of facies association texture, bedding, composition and component origin described in the text.

5. Parasequences

Introduction: Given the lateral change from ‘normal’ marginal marine to the distinctly different
coastal-plain portions of the LP-H succession, we did not necessarily know a priori or from prior
experience what the expression of parasequences in internal bedset-scale stacking of facies
associations would be in the more upstream/landward portions of the parasequences. To address this
issue, we first looked for parasequence boundaries in the shallow-marine areas (basinward) and
traced them landward out of areas whose sediment accumulated under standing water (marine or
brackish) and looked for correlative and analogous surfaces —surfaces that record significant
pauses in sediment accumulation and resetting of depositional conditions (discussed in the
following section). We then examined bedset associations and stacking between successive
parasequence

boundaries

to

establish

parasequence

character

observationally

in

the

upstream/landward areas. In this way, we know what processes need to be explained and did so by
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using low-level interpretation of sediment provenance, delivery, and reworking from sedimentary
composition and structures at the bed scale.
The LP-H succession contains 8 higher-order facies-association successions that can be
identified and physically traced throughout the area on the basis of sedimentological,
micropaleontological data, and geotechnical characteristics. These higher-order facies association
successions are interpreted as parasequences (cf Bohacs et al., 2014) and are defined by their
characteristic bounding surfaces, internal stacking patterns, and geometric relations to surrounding
strata. The high-resolution age control available in this study indicates that parasequences formed
on millennial time periods (with time duration of about 1,000/2,000 yrs). In any event, all of these
stratal successions conform to the definition of a parasequence (which, as discussed in Chapter 5,
has no mention of the time span of formation, environment of deposition, or controlling
mechanism). We discuss this further in the last paragraphs of this section.
The power of this case study area is that it portrays the changes in parasequence expression
laterally along a transect from seaward/downstream, where accommodation is mainly controlled by
the level of standing water in the ocean or lagoon, to landward/upstream, where accommodation is
mainly controlled by the level of the groundwater table and stream profile (e.g., Powell, 1875;
Jervey, 1988; Wadsworth et al., 2003; Amorosi and Colalongo, 2005). In this section we present in
detail the parasequence expression at two key points along that transect: at the landward margin of
the lagoon, and the main part of the coastal plain (Figure 16.5a, 16.5b). Each parasequence
expression has a characteristic succession of facies: 1) Lagoon Margin (Facies 7, 6, 2, 5 —Table
16.1), 2) Coastal Plain (Facies 4, 2, 5). These two expressions are named for their local depositional
setting, although they share some facies types among them. All of these parasequence expressions
can be recognized, correlated, and mapped readily using the sequence-stratigraphic approach, as
each shows a characteristic bedset stacking pattern, albeit in successions of different facies and
facies associations (Figure 16.5e).
Parasequence expression—Lagoon Margin setting: Figure 16.5a.a summarizes the idealized
expression of parasequences in the Lagoon Margin setting, drawn mostly from EM-S5 core interval
between 10 and 20 m, supplemented with observations from nearby intervals and cores. This
expression is most common along the landward/upstream margin of the lagoon (i.e., along the
‘bayline’).
The lower and upper parasequence boundaries are marked by abrupt changes in facies across a
sharp surface (Figure 16.5a.b). The parasequence boundaries themselves are planar and marked by
somewhat subtle changes in CPTU values (all within a range of 0.5-1.6 MPa).
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Fig. 16.5a: Parasequence expression in lagoon-margin zone, drawn mostly from EM S5 core interval between 10
and 20 m, supplemented with observations from nearby intervals and cores. This expression is most common along the
landward/upstream margin of the lagoon (along the ‘bay line’).

The interval above the lower parasequence boundary is dominated by the Wavy bedded to
Churned Argillaceous and Carbonaceous to Kerogenous fine Mud facies (Facies 6). Bedsets contain
more whole mollusks and shell fragments upward and CPTU values increase. The microfossils are a
mixture of marine and brackish-water species and can be divided into two assemblages based on the
proportions of each: the Bd association is dominated by A. tepida and A. parkinsoniana and
contains Cyprideis torosa whereas the Bc association contains sub equal proportions of A. tepida, A.
parkinsoniana, and C. torosa. Association Bd is interpreted as diagnostic of an outer (distal/more
marine influence) lagoon and Association Bc as central (medial/moderate marine influence) lagoon
(Amorosi et al. 2004; Fiorini, 2004).
This interval is overlain, relatively abruptly by bedsets of the Wavy bedded Siliceous and
Argillaceous medium to fine Sand to medium Mud facies (Facies 5). CPTU values also increase
significantly, ranging from 3 to 13 MPa, with most values between 6 and 10 MPa; CPTU profiles
indicate a progressive coarsening upward throughout most of this facies succession, with alternating
coarser and finer (more and less consolidated) intervals that range in thickness from 10 to 40 cm.
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The grain size and CPTU values decrease in the upper 20% of this interval and the content of
undecomposed organic material increases. The microfauna throughout this entire facies interval is
sparse, and consists almost entirely of poorly preserved specimens of the brackish-water ostracod
Cyprideis torosa (the “Rb” association of Amorosi et al. 2004; Fiorini, 2004). This facies interval
is interpreted as a bay head delta, based on grain-size and compositional trends, microfossil content,
and stratal context.
The overlying interval, in conformable contact, comprises mostly the Churned ArgillaceousCarbonaceous fine Mud facies (Facies 2), with thin intervals of peat (10 -12 cm thick). The fine
mud is mostly grey and contains roots and phytoclasts (land plant remains), along with a
microfossil association dominated by the genera Candona and Ilyocypris (freshwater ostracods; the
“F” association of Amorosi et al. 2004; Fiorini, 2004). CPTU values are ca. 1-1.2 MPa. This
interval is interpreted as having accumulated in a poorly drained floodplain environment.
In conformable contact, the uppermost interval in this parasequence contains Wavy bedded
Argillaceous-Carbonaceous to Kerogenous fine Mud (Facies 4) with thicker intervals of peat (11 –
21 cm). The fine mud is characterized by continuous planar to wavy parallel stratification due to
alternations between light grey argillaceous bedsets and dark grey carbonaceous bedsets with
abundant plant debris and wood fragments. The microfauna contain freshwater ostracods. CPTU
values are mostly low (0.2-1 Mpa), with thin sharp peaks in qc, fs and u that correspond to the peat
layer. These deposits are interpreted to have been deposited in a paludal/swamp environment under
frequently reducing conditions.
The overlying parasequence boundary is marked by an abrupt reappearance of the Wavy bedded
to Churned Argillaceous and Carbonaceous to Kerogenous fine Mud facies (facies 6), that records a
return to standing-water (lagoonal) conditions.
In summary, the strata within the Lagoon-Margin portion of a parasequence record an upward
increase in bottom energy levels, bed-scale discontinuities (e.g., scours), and clastic influx followed
by a decrease in these aspects and an increase in organic material content; there is an overall
decrease in marine influence and increase in freshwater fauna. We interpret this parasequence
expression to be the record of the progradation to aggradation of a lagoon margin following an
initial drowning by the physical incursion of shallow-marine/marine-embayment waters. These
parasequences can be recognized through the stacking patterns of bedsets of systematically varying
facies associations, along with distinctive changes in fossil assemblages (Ma over Bc or Bd over F)
across parasequence boundaries (Figure 16.5A).
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Parasequence expression—Coastal Plain setting: Figure 16.5b summarizes the expression of
parasequences in the Coastal Plain setting, drawn directly from the 204-S8 core interval between 10
and 15 m, supplemented with observations from nearby intervals and cores, especially EM-S1.
The lower and upper parasequence boundaries are marked by abrupt changes in facies across
sharp surfaces (Figure 16.5b.b). The parasequence boundaries themselves are planar and marked
by distinct changes in grain size, organic-matter content, bedding, and microfossil association.

Fig. 16.5b: Parasequence expression in coastal plain zone, drawn mostly from the EM S1 core interval
between about 10 and 20 m, supplemented with observations from nearby intervals and cores.

The interval above the lower parasequence boundary comprise mainly bedsets of the Crossbedded Siliceous and Argillaceous medium Mud facies (Facies 4a, Table 16.1), with climbing
current ripples and graded beds, that coarsens slightly upward fine-to-medium mud to medium mud.
This interval contains some land-plant fragments and sparse marine microfossils that are reworked
from older deposits (the “R” association of Amorosi et al. 2004; Fiorini, 2004; Table 16.2). The
interval is interpreted as having accumulated in a distal fluvial levee sub-environment.
This basal interval is overlain conformably by an interval that continues to coarsen upward
into bedsets of Cross-bedded Siliceous fine Sand to sandy Mud (Facies 4b). Sedimentary structures
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including climbing current ripples and current ripples. The microfossils are reworked from older
deposits (the “R” association of Amorosi et al. 2004; Fiorini, 2004). This coarsening-upward
interval is interpreted as a crevasse splay deposit.
The overlying interval, in conformable contact, comprises mostly the Churned ArgillaceousCarbonaceous fine Mud facies (Facies 2). The fine mud is mostly grey and contains roots and
phytoclasts (land plant remains), along with a microfossil association dominated by the genera
Candona and Ilyocypris (freshwater ostracods; the “F” association of Amorosi et al. 2004; Fiorini,
2004). Penetration values range between 0.8-1.2 Mpa. This interval is interpreted as having
accumulated in a poorly drained floodplain environment.
The uppermost interval in this parasequence contains the Wavy bedded ArgillaceousCarbonaceous to Kerogenous fine Mud facies (Facies 5) in conformable contact. This interval
contains significant amounts of land-plant debris throughout an interval that is about half the
thickness of the equivalent facies in more seaward portions of the parasequence (Figures 16.5A,
16.5B), but without actual bedded peat horizons. The fine mud is characterized by continuous
planar to wavy parallel stratification due to alternations between light grey argillaceous bedsets and
dark grey carbonaceous bedsets with abundant plant debris and wood fragments. The microfauna
contain freshwater ostracods. CPTU values are mostly low (0.2-1 MPa). These deposits are
interpreted to have been deposited in a paludal/swamp environment under frequently reducing
conditions.
The overlying parasequence boundary is marked by an abrupt change to the Cross-bedded
Siliceous fine Sand to sandy Mud facies (Facies 4b), recording a supercritical change in system
behavior to crevasse-splay deposition.
In summary, the strata within the Coastal-Plain portion of a parasequence record an upward
increase in bottom energy levels, bed-scale discontinuities (e.g., scours), and clastic influx followed
by a decrease in these attributes and an increase in organic material content; there is an overall
decrease in the influence of overbank flooding and progressive infilling of accommodation, first by
transported mineral matter, then by transported biogenic material, and ultimately by in-place
biogenic material. We interpret this parasequence expression to be the record of the progradational
to aggradational filling of a relatively low-lying flood plain following an initial increase of
accommodation due to avulsion and the establishment of overbank flood-basin conditions, probably
influenced by downstream flooding and the resulting rise in groundwater table (Diessel, 1992;
Bohacs and Suter, 1997; Amorosi et al., 2005). These parasequences can be recognized through the
stacking patterns of bedsets of systematically varying facies associations, along with distinctive

181

changes in grain size,

bedding, composition, and microfossil assemblages (R over F) across

parasequence boundaries (Figure 16.5b).

Parasequence expression—Marginal Marine setting: Farther downstream, at the fully
marine area, there is a third expression, which is the ‘standard’ shallow marine siliciclastic
parasequence, such as that discussed in Chapter 5 and shown in Figures 5.8 and 16.5e. In this area,
parasequence boundaries are marked by abrupt changes in facies across sharp surfaces, and the
interval above parasequence boundaries typically comprise bedsets of mostly muddy Prodelta,
Offshore, or Bay settings (Facies 10, 12, or 15, Table 16.1). The parasequence boundaries
themselves are planar and marked by distinct changes in grain size, organic-matter content,
bedding, and microfossil association. In the Exxon S7 core shown on the cross section in Figure
16.7, the basal interval comprises bedsets of the Cross-bedded Siliceous-Argillaceous-Calcareous
very fine Sand, medium Mud, and fine Mud facies (interpreted as prodelta) that coarsen upward
into more and more sand-rich Cross-bedded Siliceous sandy Mud to medium to coarse Sand facies
(interpreted as beach ridge). The uppermost interval in this parasequence contains the Wavy bedded
Argillaceous-Carbonaceous to Kerogenous fine Mud facies (Facies 5) in conformable contact. This
interval contains significant amounts of land-plant debris throughout and has bedded peat at top.
The fine mud is characterized by continuous planar to wavy parallel stratification due to alternations
between light grey argillaceous bedsets and dark grey carbonaceous bedsets with abundant plant
debris and wood fragments. The microfauna contain freshwater ostracods. These deposits are
interpreted to have been deposited in a paludal/swamp environment under frequently reducing
conditions. The overlying parasequence boundary is marked by an abrupt change to the Churned to
wavy bedded Argillaceous and Carbonaceous fine-to-medium Mud facies (Facies 8), recording a
supercritical change in system behavior to bay conditions.
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Parasequence Boundaries: Just as the vertical expression of the parasequence changes in
systematic ways from downstream to upstream (basinward to landward), so too does the character
of the parasequence boundary, from a straightforward ‘flooding surface’ in shallow-marine or
lagoonal areas (basinward) to a more subtly expressed ‘abandonment’ or ‘reactivation’ surface in
landward areas where most of the succession did not accumulate under standing water (marine or
brackish). Along the study transect the expression of the parasequence boundary changes
systematically from Bay over Paludal/Swamp in the shallow-marine zone, through Lagoon over
Paludal/Swamp in the lagoonal margin zone, to Crevasse Splay or Levee over Paludal/Swamp in
the coastal-plain zone (Figures 16.5c 16.5d, 16.5e). In all areas, however, we were able to find a
correlative and analogous surface that recorded a significant pause in sediment accumulation and
resetting

of

depositional

conditions.

Fig. 16.5c: Montage of
the expression of parasequence
boundaries in a variety of data: A)
CPTU test with Younger Dryas
and LGM paleosol identification
and B) relative core image; C)
relationship
between
pocket
penetrometer values (in red) and
borehole EM S3; D) example of a
parasequence boundary detected
from a CPTU test and not
recognizable from the descripted
core.
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Beyond the ability to trace the parasequence boundaries in this high-resolution dataset, there
are a number of fundamental reasons for interpreting the parasequence boundaries where we did
based on numerous studies of this type of setting elsewhere and in older strata (Diessel, 1992, 2007;
Kosters and Suter, 1993; Bohacs and Suter, 1997; Diessel et al., 2000). In particular, we tend to
place parasequence boundaries atop Paludal/Swamp strata (i.e., peat or coal) for both conceptual
and practical reasons.

Fig. 16.5d: Expression of parasequence boundaries in an alluvial setting in core, EM S1. Note the presence of
thick peat deposits underneath the parasequence boundaries, identified by our team, that represent the culmination of
filling the increment of increased accommodation initiated by the appearance of a fluvial channel. As noted in the
previous figure, using more than just the appearance of the sediments is essential for confident interpretation.

Parasequence boundaries in upstream/alluvial settings are placed above the peat/coal
interval because the peat/coal represents the culmination of filling the increment of increased
accommodation initiated by the appearance of a fluvial channel (and associated crevasse splays) in
a particular area (analogous to the ‘regressive coals’ described by Diessel, 1992). In this case, the
base of the peat/coal is commonly non-hiatal but diachronous laterally because, as accommodation
rates decrease, there is no significant break in sediment accumulation but a shift from dominantly
184

allochthonous sediments (mostly clastic) to dominantly autochthonous sediments (mostly biogenic,
i.e., plant material). (Diessel et al. (2000) call this basal surface a “terrestrialisation surface”
(“TeS”), and comment that it is generally difficult to correlate very far laterally.) This mode of
peat/coal accumulation can be discerned by changes in floral and mineral content and preservational
state of phytoclasts and organic macerals determined by coal petrography (Diessel, 1992, 2007;
Diessel et al., 2000). Such detailed study reveals a ‘drying-upward’ trend in this regressive coal
case.
Farther downstream, closer to the standing water of the lagoon or ocean, we also interpret
the parasequence boundary at the top of the peat/coal, even though detailed study typically reveals
that the peat/coal accumulated under different conditions. Such ‘downstream’ areas have
groundwater tables that are more strongly influenced by sea level (e.g., Freeze and Cherry, 1979)
and the accumulation of peat occurs under conditions of increasing accommodation by the process
of paludification (Frenzel, 1983; Boron et al., 1987; Diessel, 1992, 2007). In this case, rising sea
level causes a concomitant, but more subdued rise in the groundwater table for many kilometers
inland that enhances the preservation of plant material that leads to peat accumulation, but does not
result immediately in persistent standing water. Diessel et al. (2000) call this type of basal surface a
“paludification surface” (“PaS”), and the superjacent biogenic accumulation a ‘transgressive coal’
(Diessel, 1992). It is only when the rate of accommodation increase exceeds the rate of peat
accumulation that the system behavior changes abruptly, terminating peat accumulation and
forming the parasequence boundary (see extensive discussions in Bohacs and Suter, 1997; Diessel
et al., 2000; Diessel, 2007). For although the inception of a paralic mire records a rise of the
groundwater table in response to the beginning of a relative rise of sea level, peat accumulates
before the actual landward translation of the shoreline that forms the physically correlable
parasequence boundary. This occurs because the rate of clastic sediment supply to the shoreline can
‘keep up’ with a rise in sea level, at least for a while—the shoreline aggrades some before
transgressing (cf Van Wagoner et al., 1990; Hampson et al., 1999, 2001). Also, peat accumulation is
extremely unlikely during the time of active shoreline movement landward (that results in
parasequence boundary formation). This is because the concurrent increasing accommodation tends
to trap clastics sediments on the coastal plain, which is inimical to continued peat accumulation
(e.g., Loutit et al., 1988; Bohacs and Suter, 1997).
In either case, the parasequence boundary is placed at the top of the peat/coal bedset because
that is the surface that records a supercritical increase in accommodation rate relative to sediment
supply rate, following the generic definition that applies across most depositional settings and
environments (see discussion in Chapter 5).
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Also, from an empirical and practical point of view, the closely spaced data points, highresolution age control, and detailed correlations of this study (e.g., Figure 16.7) demonstrate that it
is the tops of the peat bedsets that can be traced laterally most readily. This accords with the
conclusions of Diessel et al., 2000, that the top of the peat/coal “is a more appropriate choice as
parasequence boundary than the PaS [paludification surface at the base of the coal], as it may
correlate with a more significant incursion of relative sea level.” (page 176).

Lateral changes in parasequence expression: Figure 16.5e illustrates schematically the
lateral changes among the expressions of the parasequences in this area, from upstream in the
coastal plain, downstream to the marine shoreline. Although the lower parasequence boundary is
overlain by different facies at each location, these facies record an abrupt change to conditions of
higher accommodation/sediment-supply rate than the underlying strata. At all locations, the
parasequence boundaries themselves are planar and marked by distinct changes in grain size,
organic-matter content, bedding, and microfossil association.
Within the parasequence, in the shallow marine and lagoon margin zones, the facies
successions record a distinct shoaling upward: from prodelta to beach to swamp in the seaward
zone, and from lagoon to bayhead delta to poorly drained floodplain and swamp around the lagoon
margin. Farther landward, the facies succession in the coastal plain zone records progressive
infilling of accommodation, from distal levee through crevasse splay and poorly drained floodplain,
to swamp conditions. Even in this zone, we observe recurrent, organized patterns of facies
successions that can be related to the fill of fluvial channels and lateral progression of crevasse
splays, as can be seen between wells EM-S1 and EM-S3 on the cross section in Figure 16.7. These
recurrent patterns appear to be related contemporaneous landward expansions of the lagoon margin
facies association.
Similar to the lower parasequence boundary, the upper parasequence boundary is also
overlain by different facies at each location, but each vertical succession records a reset of
depositional conditions to higher accommodation/sediment-supply rate: from swamp to bay
seaward, from swamp to lagoon at the lagoon margin, and from swamp to crevasse splay landward
in the coastal plain.
The parasequence boundaries delimit a relatively conformable succession of beds and
bedsets that are essentially coeval at the scale of time span of the parasequence. Such strata can be
considered genetically related, even if all the sandy or muddy lithofacies are not physically
connected, just as one can observe contemporaneous channel–levee, bay-head-delta–lagoon,
prodelta–delta, and offshore–shoreface systems on the present-day Po Plain to Adriatic shore
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(Figure 16.1B) or other such coastal-plain–shoreline settings. The utility of recognizing
parasequences in this setting is that the parasequence, containing coeval strata, enables the use of
Walther’s Law to understand and predict vertical and lateral changes in facies and concomitant rock
properties.

Fig. 16.5e: Conceptual chronostratigraphic cross section of a typical parasequence along a traverse
oriented along depositional dip. This section is roughly chronostratigraphic in that it portrays the time span of a
single parasequence, but does not attempt to show the lateral variations in sediment accumulation rates/periods.
Despite the significant lateral changes in thickness and successions of different facies and facies associations within
the parasequence, each parasequence and its boundaries can be recognized, correlated, and mapped readily using
the sequence-stratigraphic approach, using characteristic bedset stacking pattern of each.

Thus, these observations highlight the changes in parasequence expression laterally along a
transect from seaward/downstream, where accommodation is mainly controlled by the level of
standing water in the ocean or lagoon, to landward/upstream, where accommodation is mainly
controlled by the level of the groundwater table and stream profile.
Despite all the lateral changes and successions of different facies and facies associations,
parasequences can be recognized, correlated, and mapped readily using the sequence-stratigraphic
approach, using characteristic bedset stacking pattern of each. The lateral extent of these
parasequence expressions varies systematically throughout the LGM depositional sequence, as
discussed in the subsequent section on “Depositional Sequences”.
Discussion: Parasequences are usually studied in coastal areas where clear vertical
differences in the facies pattern occur, and where the flooding surfaces bounding the cycles are
recognized due to sea-level variations. Only a few studies (e.g., Koster and Suter, 1993; Farrell,
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2001) have dealt with the corresponding landward equivalents of these flooding surfaces, which are
challenging to recognize upstream of the brackish, standing-water part of the system.
We use the term and concepts of “parasequence” for such strata because of their utility for
correlating, mapping, and understanding the distribution of lithosomes and for reconstructing paleoenvironments. A parasequence is defined as a relatively conformable succession of beds or bedsets
bounded below and above by surfaces that formed by non-deposition, local erosion, or very slow
sedimentation (e.g., flooding, abandonment, or reactivation surfaces and their correlative surfaces;
see Chapter 5). Note that the definition contains no mention of lithofacies, depositional
environment, mechanism of deposition (allogenic vs autogenic), or time span of accumulation—a
parasequence is recognized through distinctive internal stacking patterns of genetically related beds
and bedsets and by correlating the surfaces that bound them over a significant area. (Indeed, in
ancient strata, a key line of evidence to differentiate allogenic from autogenic influence is to
correlate and map the areal extent of the strata unit in question.) No matter what facies are at the
bottom or the top of a parasequence at any vertical section, the internal facies succession follows
the order predicted by lateral facies distribution, in accord with Walther’s Law—and enables
prediction of lateral facies changes among vertical sections.
There are three different mechanisms that most commonly generate parasequence
boundaries in marginal marine settings, one mainly related to a supercritical decrease in sediment
supply rate (distributary-channel avulsion and delta-lobe foundering), and two mostly related to a
supercritical increase in accommodation rate (eustacy and local tectonic movement; see, e.g.,
VanWagoner et al., 1990 for discussion). For delta-lobe switching, the supercritical increase in the
ratio of the rates of accommodation to sediment supply due mainly to a decrease in sediment supply
rate caused by avulsion of its distributary channel is enhanced by relatively rapid increase in
accommodation caused by compaction of prodelta mudstones under the delta lobe (Frazier, 1967).
Foundering of the lobe forms a sharp, relatively planar, and slightly erosional surface (Elliott,
1974). The resulting parasequence boundary has a lateral extent larger than any single landscape
element and is equivalent to the areal extent of the lobe itself; for example, the three youngest lobes
in the Holocene San Bernard delta in southeastern Louisiana have areal extents ranging from 777 to
7,770 km2 (300 to 3,000 mi2; Frazier and Osanik,1967). Such surfaces are still relatively
isochronous, although more or less autogenically controlled. They would be useful for
chronostratigraphic and lithostratigraphic analysis over relatively large areas in the subsurface,
because the surfaces bounding each of these lobes are areally extensive and formed rapidly.
In a fluvial-dominated, deltaic environment the bounding surfaces are represented by
avulsion events or periods of non-deposition (Brown, 1996), and these occur at the tops of peats,
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coals and paleosols. Large-scale autogenic processes such as delta switching or river avulsion can
generate coals of sub-regional extent (Hamilton and Tadros, 1994). A contact between peat or coal
and overlying clastic sediment usually represents a considerable hiatus in clastic deposition
(McCabe, 1984) because in order to form peats, the rate of increase of (vertical) accommodation
must equal the rate of accumulation of peat, and clastics must be excluded from the environment
(Bohacs and Suter, 1997). Clastic sediment supplied by autogenic processes stops peat production,
and generates a facies contact surface that is a parasequence boundary, at least regionally. Facies
contacts at the tops of regional peats and coals are, therefore, analogous to marine flooding surfaces
(Farrell, 2001). Thus it was that the definition of a parasequence was modified to be independent
from sea-level fluctuations (Bohacs, 1998; Abreu et al., 2014). Farrell (2001) also saw this need and
changed the parasequence definition to “a relatively conformable succession of genetically related
strata or landforms, that is bounded by regional flooding surfaces or their correlative surfaces”.
This broadened the definition of parasequence to incorporate the concept of landscape evolution
between significant, regional, flooding surfaces in a variety of depositional settings. The current,
most broadly applicable definition (as developed in this book; cf Chapter 5) is that a parasequence
is “a relatively conformable succession of beds or bedsets bounded below and above by surfaces
that formed by non-deposition, local erosion, or very slow sedimentation (e.g., flooding,
abandonment, or reactivation surfaces and their correlative surfaces”; after Van Wagoner et al.,
1988; Van Wagoner et al., 1990; Bohacs, 1998; Bohacs et al., 2000, 2014; Abreu et al., 2014)
To summarize this section on parasequences, we see that in the Late Pleistocene to
Holocene paralic to alluvial succession of the Po Plain, as well as in most other units formed in such
settings, parasequences are readily recognized through the stacking patterns of bedsets of
systematically varying facies associations and of organic matter content and quality, along with
distinctive facies contrasts across most parasequence boundaries. The distinctive expression of
parasequence boundaries and the repeated patterns of facies association stacking between them
reveal the fundamental depositional ‘motif’ and provide insights for correlation, mapping, and
prediction.
Now that we have an understanding of the expression of parasequences in both seaward and
landward position, we can address the character and recognition of parasequence sets and
depositional sequences in this setting.
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6. Depositional sequences

Having determined the range of expression of parasequences in this setting, we then used
the character of parasequence boundaries (i.e., the facies associations juxtaposed across the surface)
and proportion of detrital versus biogenic content, in concert with other attributes (grain size,
bedding, gross composition, TOC content and trends, parasequence thickness) to decipher stacking
patterns at the parasequence-set scale and interpret depositional sequences. Placing the
parasequence sets within their vertical and lateral context was essential for confident interpretation,
as it was for identifying parasequences, as discussed in the previous section.

Detailed vertical stacking patterns: Figure 16.6A illustrates the expression of the Last
Glacial Maximum (LGM) depositional sequence that spans the LP-H succession in the EM-S3
corehole. (Note, by convention, depositional sequences are named and assigned geological ages
based on the age of the lower sequence boundary—Mitchum et al., 1977).
The underlying stratal unit in the core (24.3 to ~19m depth) comprises 5 successions of
floodplain to paleosol environments (0.6 – 1.4 m thick) that could represent the expression of
parasequences in this Alluvial-Plain facies association. There is a slight increase in the thickness of
the floodplain to paleosol successions upward, and the interval is capped by 0.5 m of poorly drained
floodplain deposits.
The sequence boundary is a sharp surface across which there is an abrupt change in facies
and bedding (Figure 16.6A). The subjacent strata comprise a succession of closely spaced, weakly
developed paleosols (Inceptisols) with well-developed carbonate nodules (up to 1 cm diameter,
mostly 3 to 5 mm in diameter) that we interpret to have formed in soil profiles during exposure and
formation of the sequence boundary (cf. Demko, 2004; Cleveland, 2007; Patterson et al.,
2010SEPMseqStratBook; see Amorosi et al., 2016a for more information).
The strata directly overlying the sequence boundary at this location contain aggradationally
stacked bedsets of the Cross-bedded Siliceous coarse to medium facies overlain by bedsets of the
Churned Argillaceous and Argillaceous-Calcareous fine to coarse Mud facies (Figure 16.6B).
Bedsets thin and become finer upward. Bedding is dominantly discontinuous curved non-parallel
and discontinuous wavy parallel. Land-plant debris, woody phytoclasts, and carbonate nodules are
common in the uppermost portion of this interval. We interpret this interval as fluvial-channel to
floodplain strata that accumulated in a lowstand systems tract.
The transgressive surface at the top of the lowstand system tract is also a sharp surface,
interpreted at the abrupt change from Churned Argillaceous and Argillaceous-Calcareous fine to
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coarse Mud facies in relatively thick bedsets (floodplain-paleosol sub-environment) to more thinly
bedded bedsets of Churned Argillaceous-Carbonaceous fine Mud facies (poorly drained floodplain
sub-environment; Figure 16.6B). The deposits above the surface are characterized by few valves of
freshwater ostracods such as Candona and Ilyocypris, but most of the samples are barren.
The two parasequences in the overlying transgressive systems tract at this location range
from 0.7 to 1.4-m thick. The deposits mainly record deposition in paludal/swamp sub-environments
(Wavy bedded Argillaceous-Carbonaceous to Kerogenous fine Mud facies), and the parasequences
are demarked by changes in the relative amount and spacing of decomposed and undecomposed
land-plant material and peat. The net thickness of undecomposed organic material increases
progressively upward in the systems tract, from < 0.1 m in basal parasequence 2 to 0.5 m at the top
of parasequence 3 (Figure 16.6A). We interpret these changes to record an overall increase in
accommodation relative to sediment supply, characteristic of a transgressive systems tract.

Figure 16.6: A. Expression of the LGM
depositional sequence in the integrated
description of the EM S3 core, Po Plain basin
including grain size, composition, bedding,
fossil
content,
interpreted
depositional
environment, and interpreted sequence
stratigraphy. The relative amount of strata
deposited in each depositional environments
varies systematically upward, with decreasing
thicknesses of fluvial and increasing
thicknesses
of
crevasse/levee
and
paludal/swampy strata up to the maximum
flooding surface (MFS) and increasing
thicknesses of distributary channel and
floodplain above the MFS. See text for detailed
description.
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The MF-DLS is rather well expressed in the vertical stacking pattern of concentration and
preservation of land-plant derived organic matter in the relatively proximal/upstream setting that
occurs at the top of the transgressive systems tract at this location. We interpret the MF-DLS to
occur at the top of an interval dominated by Wavy bedded Argillaceous-Carbonaceous to
Kerogenous fine Mud (swamp) bedsets topped by an interval of bedded peat 50-cm thick (Figure
16.6B). The parasequence stacking pattern also changes across this surface, with a trend to facies
that record decreasing rates of accommodation relative to sediment supply.
The facies associations in the overlying interval change upward systematically: there are
fewer bedsets of carbonaceous fine and medium mud with undecomposed organic material and
bedded peat intervals decrease in thickness (from 20 to < 10 cm) in the lower portion (below ~7m
core depth), whereas the interval contain significant intervals of crevasse-splay and floodplain
deposits (Cross-bedded Siliceous fine Sand to sandy Mud and Churned Argillaceous fine to
medium Mud facies). Parasequences range from 0.6 to 4.6 m thick. Based on these lines of
evidence, we interpret this interval as a highstand systems tract.
The next essential step is to test this preliminary sequence-stratigraphic interpretation by
correlating the surfaces and parasequences laterally, especially downstream into areas that were
directly influenced by standing water. The next section presents those findings.
Fig. 16.6b: A. Image of the
Transgressive Surface of the LGM
depositional sequence (blue line) and
surrounding interval. This surface may
corresponds to the Younger Dryas
paleosol (or coeval fluvial channels), or
B. it may corresponds to a surface
dividing the LGM fluvial channel filling
to the above Holocene swampy
deposits. C.
Image of the LGM
sequence boundary (red line) and
surrounding interval.
This surface
separates, in core EM S3, the
underneath poorly drained floodplain
deposits from the LGM channel incision
above it, which is coeval to the series of
poorly-developed paleosols that are
encountered in other logs. D. Image of
the Maximum Flooding Surface of the
LGM depositional sequence (green line)
and surrounding interval. The MFS is
somewhat subtly expressed in this updip
swampy peat-rich succession; confident
identification was based on correlation
to seaward logs where it can be seen
that the top of the thickest interval of
bedded peat correlates to the most
landward extent of lagoon facies (see
Fig. 16.7 for cross section).
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Lateral distribution and character: The next step in the construction of the sequencestratigraphic framework was to correlate among the core holes and wells, for robust identification of
surfaces requires examining both their local character and lateral relations. In all, 367 control points
(Figure 16.1D) were used to construct the framework used for correlating and mapping the
parasequences and LGM depositional sequence. Figure 16.7a illustrates the subsurface expression
of the Late Quaternary deposits of the Ferrara coastal plain.

Fig. 16.7. Cross sections aligned mostly along depositional dip that illustrates the subsurface expression of the LGM
depositional sequence in the Ferrara coastal plain area (Figure 16.1D). The cross sections span the full range of settings
from alluvial plain to the west (left) to shallow marine to the east (right). A. The LGM sequence boundary (red line) is
marked by truncation below and onlap above with aggradational stacking of fluvial channel and floodplain strata above
it in the LST. The Transgressive Surface (blue line) is marked by a widespread change in facies association to poorly
drained floodplain downdip and to paludal/swampy updip and in stacking pattern from aggradation to retrogradation
(most obvious to the east). The TST is marked by obvious retrogradation of shoreline systems in the east, and more
subtle increase in the extent of lagoonal and paludal/swampy deposits to the west. The Maximum Flooding Surface (in
green) is defined by the position of the most landward position of marine-influenced deposits, atop parasequence 3. It
can also be recognized by the change in stacking pattern from retrogradational to a progradational, also at the top of the
third parasequence. In the seaward zone of the HST shoreline configuration changes to river dominated and from
sigmoidal to oblique progradational style; upstream/landward, bedded peats are far less common and extensive in the
upper HST and well-drained floodplain facies are markedly thicker and more laterally extensive. B. Dip-oriented cross
section located 5 to 19 km north of Figure 16.7A, that shows generally similar stratigraphic patterns as the southern
cross section, with some important differences due to the proximity of the long-term axis of the Po River: the LST and
the lower TST are dominated by Po River channel-belt bodies with minimal preservation of LGM and YD paleosols
(only seen near boreholes 186050P625 and 187 S6), and lagoon margin clays and sands are about half as laterally
extensive as in the southern area.
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The basal, LGM sequence boundary (red line, ca. 36 m in Figure 16.6A) is recognized at
the base of incised-channel fills (with up to 10.3 m of relief locally along the transect) and atop the
associated and coeval paleosols on interfluves, confirming what the literature suggest (Van
Wagoner et al., 1990; McCarthy and Plint, 1998; Plint et al., 2001; Aitken, 1994; Aitken and Flint,
1994coalrefs!!). Paleosols marking the sequence boundary are not necessarily represented by single
well-developed paleosols (Miall, 2014), and they can consist of a series of developed vertically
stacked paleosols (McCarthy and Plint, 2013). A similar conclusion emerges for the Late
Quaternary alluvial succession of the Po Plain, characterized by thin paleosol-bearing cycles
(Amorosi et al., 2014; 2015; 2016a) instead of a single well-developed one. The LGM SB paleosol
is dated at around 29-25 ky cal BP, and it seems highly reasonable to correlate it to the fluvial
incision that took place in response to the rapid climate change at the MIS 3/MIS 2 transition (MIS
= marine isotope stage). The paleosol below the LGM SB did not develop in a portion of the
upstream area due probably to a paleo-depression (due to localized tectonic subsidence) with
poorly-drained floodplain conditions that hindered its formation.
The Lowstand Systems Tract (LST) is most obviously characterized by Upper Pleistocene
alluvial plain deposits and the most common parasequence expressions are upper coastal plain and
fully alluvial/continental. At its base, the LST commonly contains amalgamated, laterally extensive
fluvial sand bodies that lap onto the LGM SB and range in thickness from 1.4 to 10.8 m along this
transect. The record of the LST time period, however, varies significantly in expression, changing
from the erosive-based fluvial channels above the LGM sequence boundary (e.g., at EM S3, 204 S7,
EM S5, EM S7) to well-developed paleosols (e.g., at 204070U502, 204080U506, 205050U513) just
below the LGM sequence boundary. The upper portion of the LST is dominated by thick and
extensive intervals of floodplain with one or more paleosol horizons along with thinner, less
laterally extensive channel sands and some thin intervals of crevasse-splay sands and poorly drained
floodplain. Many of the paleosol intervals contain carbonate concretions. At the very top of the
LST, thicker amalgamated fluvial sand bodies occur in a few areas that are less laterally extensive
than the sand bodies in the lower LST, but have a distinctive paleosol lateral to them. These upper
LST sand bodies and related paleosol horizons have been interpreted as being related to the
Younger Dryas event (Amorosi et al., 2016). The paleosol, dated around 12.5-10ky BP (YD
paleosol, in grey) formed during a phase of strong climatic instability, probably started with rapid
warming in the Bølling-Allerød period and culminated in the Younger Dryas cold event (Törnqvist,
1998; Amorosi et al., 2003). The LST of the LGM depositional sequence ranges in thickness from <
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10 to 40 m (33 to 131 ft) across the study area, as shown on the map in Figure 16.8A, and generally
thinner in the southern half. The thickest areas are to the north, along the Po River channel belt in a
west to east pattern that thins the most towards the southern margin of the study area. The minor
Apenninic fluvial bodies (with a SW-NE trend) in the southern-central portion of the area, have
lower thickness (between 10 and 25 m). These rivers incised, during the MIS3-MIS2 transition, the
Po interfluve, with consequent subaerial exposure and SB-paleosol formation. Since the Po Plain is
a highly subsiding foreland-basin (ca. 1mm/yr), aggradation occurred also atop the interfluves,
which thus are characterized by a succession of pedogenized floodplain deposits, 5 to 10 m thick.
The Transgressive Surface (TS; in grey on Figure 16.7) is marked by a distinct change in
facies association from purely alluvial-plain conditions to a coastal plain (that records the influence
of sea-level oscillations), and in stacking pattern from aggradation to retrogradation.
The TS is placed atop the YD paleosol and fluvial sand bodies, as we recognized this
moment as the onset of climate changes that eventually resulted in fluvial incision and paleosol
formation in the interfluves in landward areas, whereas, at more distal location, the TS records the
transgression with the first appearance of non-alluvial plain facies, i.e. poorly drained floodplain or
swamp deposits, and the landward translation of the shoreline. This record includes a distinct
change in stacking pattern, retrogradation of shoreline, and extensive lateral change in facies
association, all of which conform to the general definition of a Transgressive Surface. Also, as a
practical matter, the TS is a surface that is more readily recognized and correlated than the various
facies changes deeper in the section that might have occurred as a result of the initiation of sea-level
rise. (This is analogous to the development of a parasequence boundary in the paralic zone, where
the base of a bedded peat records the initiation of increasing accommodation and peat
accumulation, but the top of the bedded peat marks when the increasing accommodation becomes
supercritical, crossing the threshold of accommodation/sediment supply rate, resulting in a distinct
facies change and formation of the surface.)
The Transgressive Systems Tract (TST) in the upstream regions is characterized by a
lowermost interval of widespread poorly-drained floodplain deposits (in parasequence 1) marking
the transition from an alluvial-plain to a dominantly swampy environment in the upper portion and
parasequence expressions that are mostly those of Upper and Lower Coastal Plain. To seaward,
these swamps are overlaid by a thin sheet of lagoonal deposits which precedes the back-stepping
transgressive shoreline and offshore-transition clays (Parasequences 2 and 3). There is an overall
upward trend from freshwater to brackish microfossil associations (‘F’ to ‘B’, Table 16.2), an
increase in the occurrence of crevasse-splay deposits (e.g., EM-S1, ca. 12 - 15m), and a shift to
parasequence expressions that are mostly of Lower Coastal Plain and Lagoon Margin.
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Downstream/seaward of these extensive crevasse splay deposits is a well-developed bay head delta
in the uppermost TST. This feature was identified thanks to its stratigraphic position, correlation to
the other cores, and CPTU tests, and confirmed by a new continuous borehole (EM-S5). At the
seaward end of the system, the parasequence expression shifts to much more obvious transgressivebarrier-island successions with extensive areas of lagoon landward of them. Each succession is
separated by shallow-marine muds overlying the barrier sand body at their seaward ends.
Not only do the shoreline deposits back step, but distributary-channel deposits step up and
become thicker throughout the TST (compare 205020U517, 204 S6, and 204020514). Peat bedsets
become thinner and less laterally extensive upward throughout the TST, whereas lagoonal
mudstones (Wavy bedded to churned Argillaceous and Carbonaceous to Kerogenous fine Mud
facies) are thicker but also less laterally extensive through the same interval. Overall, the most
common parasequence expression is Lower Coastal Plain upstream and Lagoon Margin and Paralic
downstream. The transgressive systems tract of the LGM depositional sequence is thickest in
upstream/landward areas and thins significantly (up to two-thirds) in downstream/seaward regions,
where it is particularly well expressed in a retrogradational parasequence set with increasing
proportions of more distal facies (bay and lagoon sub-environments). In the study area, the
depositional thickness of the LGM TST ranges from 4 to 12 m (13 to 39 ft) (Figure 16.8B), being
thickest in the central third of the area. The thickest area has a series of vaguely sinuous N-S
trending maxima, spaced about 10 km apart. Coeval shoreline trends were generally NNW-SSE.
Overall, the thickness trends of the TST appear to bear little relation to those of the underlying
LST—at most a slight thickening to the north. The reason of thicker deposits to the north is due to
the persistence of the Po River (and its deposits) in this sector of the study area even during the
transgression.
The final phase of estuary filling is characterized by dominantly swamp deposits. In this
area the parasequences are identified thanks to the lateral equivalents of the flooding surfaces,
placed atop laterally continuous peat layers (as discussed in the previous section). In this
transgressive context is highly possible a connection between these swamp peats and the coastal
back-stepping shoreline, although connections can be difficult to discern due to the paleogeomorphology of the area (cf Bohacs and Suter, 1997; Diessel et al., 2000). The stacking pattern in
the TST seems to have been mostly controlled by “acceleration and deceleration” in the rate of rise
of sea level.
The Maximum Flooding Surface (MFS; in green on Figure 16.7) is defined by the position
of the most landward location of marine-influenced deposits, atop parasequence 3. In Exxon S1, it
is specifically recorded by the base of a 40-cm thick bedset of brackish-water facies (lagoon, Facies
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7) atop freshwater facies (paludal/swampy, Facies 5), as seen in Figure 16.6B. It can also be
recognized by the change in stacking pattern from retrogradational to a progradational, also at the
top of the third parasequence. During this time, the shoreline was located ca. 30 km W of its present
position (Amorosi et al., 2005).
In the overlying highstand systems tract interval, lagoonal and bay facies are at their maximum
upstream/landward extent in the lowermost HST. Overall, the most common parasequence
expressions are Coastal Plain upstream and Lagoon Margin and Paralic downstream. Laterally
within the HST, distributary channel sand bodies are more common and thicker in the lower coastal
plain areas than in upper coastal plain areas. Upward in the coastal-plain to lagoonal-margin zone,
crevasse splay deposits are less common, and microfossil associations change from brackish (or
even marine) to fresh (‘B’(or ‘M’) to ‘F’). In the paralic zone, to seaward, the shoreline
configuration changes to river dominated and from sigmoidal to oblique progradational style, with a
concomitant decrease in the thickness and lateral extent of lagoonal muddy deposits.
In terms of organic-matter content, there is an overall decrease, recorded by a change from
peat and kerogenous mud to carbonaceous mud and argillaceous-carbonaceous mud. Bedded peats
are most common and laterally extensive in the lower portion of the HST (laterally equivalent to the
aggradationally stacked parasequences at the shoreline). Bedded peats are far less common and
extensive in the upper HST (laterally equivalent to the progradationally stacked parasequences at
the shoreline). These patterns of peat occurrence as a function of position within the depositional
sequence accord reasonably well with those observed in many areas, as reported and explained by
Bohacs and Suter (1997)—see discussion in following section.
Finally, intervals of well-drained floodplain facies (Churned Argillaceous fine to medium
Mud) are thickest and most laterally extensive in the upper HST (also correlative to the
progradationally stacked parasequences at the shoreline).
The highstand systems tract of the LGM depositional sequence is thinnest in upstream/landward
areas and thickens significantly (up to 270%) in downstream/seaward regions, where it is
particularly well expressed in an aggradational parasequence set overlain by a progradational
parasequence set with upward increasing proportions of more proximal facies (delta-front and
shoreface sub-environments). In the study area, the LGM HST ranges from 10 to 27 m thick (33 to
88 ft), as shown on the map in Figure 16.8C; there is a thinner area to the southwest along that
margin of the study area that trends WNW-SSE. Coeval shoreline trends were generally NNE-SSW,
but varied considerably, as discussed in the following paragraph. There is, at most, a vaguely
reciprocal relation of the thickness of the HST to that of the underlying TST.
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We interpret that, during the HST, sediment supply overwhelmed the rate of the sea-level rise
and coastal progradation took place, with rapid basinward shift of sedimentary facies (beach ridges,
lagoons, and swamps) and the outbuilding of a wave-influenced, arcuate Po delta (Amorosi et al.,
2005). Variations in the orientation of the delta lobes can be observed: from the third to the fifth
parasequence the deltas prograde toward east, whereas in the sixth one the direction is north-south,
then it returns, in the seventh and eighth lobes, to have a west-east direction. Lateral tracing of the
flooding surfaces, and their correlative surfaces, becomes more difficult in HST due to the
development of different patterns (shallowing vs. deepening) at the same time in different portions
of the area (cf Wehr, 1993; Martinsen and Helland-Hansen, 1994). It happens, for example, that a
local decrease in sediment supply rate in the delta plain due to episodes of delta-lobe switching,
combined with subsidence, locally increases the relative rate of sea-level rise and results in
localized marine incursion and transgression (Amorosi et al., 2005). The area landward of the local
delta plain is still characterized by swamps rich in laterally continuous peat layers whose tops are
marked as parasequence boundaries, but their relations with the prograding beach ridges need
further in-depth analysis (including, for example, detailed characterization of the bedded peat
intervals as discussed by Diessel, 1992; 2007).

Figure 16.8: Maps of
systems-tract thicknesses and
environments of deposition (EoD)
of
the
LGM
depositional
sequence, Po Plain basin. A. LST
isopach, B. TST isopach, C. HST
isopach, D. LST environment of
deposition. Note that the thickest
areas are to the north, along the
Po River channel belt in a west to
east pattern. E. TST environment
of deposition. Note that the
thickest areas in the central third
of the area appear to coincide
roughly with the brackish EoD.
Overall, the thickness trends of
the TST appear to bear little
relation to those of the underlying
LST. F. HST environment of
deposition. Note that it is thinnest
to the west, in freshwater
environments
and
thickens
significantly to the east, where it
is particularly well expressed in
shallow-marine
environments.
There is, at most, a vaguely
reciprocal
relation
of
the
thickness of the HST to that of
the underlying TST.
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Observing a second dip-oriented cross section (Figure 16.7B) located from 5 to 19 km north
of the one discussed above (Fig. 16.7A), it can be seen that it generally shows similar stratigraphic
patterns of the southern cross section as facies association transition from proximal lower coastal
plain facies to the more distal lagoon margin and shallow marine ones, for the upper TST and the
HST. The HST delta lobes also prograde in a similar direction, with a west to east growth for all of
the lobes, with the exception of the sixth one, which shows a north to south orientation, as in the
previous cross section. The general stratigraphic framework highlighted by this section is, therefore,
comparable with the southern one. However, it displays some important differences due to the
closeness to the long-term axis of the Po River: it can be seen that the LST and the lower TST are
characterized by the Po channel-belt bodies which entail the lack of LGM and YD paleosols as we
are in an area with few interfluve remains (see two small areas, one to the west near 186050P625,
and the second one to the east near 187 S6). The TS (=YD) surface was harder to trace as the cores
lack in channel sand dating, so the line was drawn connecting thin fine clays between sand bodies.
The LGM line was even harder as our data (CPTUs and cores) are not as deep as we needed, so we
have only an idea where it could be thanks to a projected core (186020P503). The proximity to the
Po River led also to a smaller extension of the lagoon margin clays and sands: 16 km in the
southern area against the 7 km in the northern one.
In summary, similar to what observed in the subsurface deposits near Ravenna (Amorosi et
al., 1999a) and Comacchio (Amorosi et al., 2003, Campo et al., 2017), the post-LGM succession
underneath the Ferrara coastal plain has an overall retrogradational and then progradational stacking
pattern of facies as the basic motif of the Holocene succession, allowing the identification of the
TST and overlying HST. This succession overlies the aggradationally stacked strata of the LST of
the LGM depositional sequence (Late Pleistocene).

7. Rock property variations within sequence stratigraphic framework

Overview: As has been illustrated in the marine settings of other case studies in this book, so
also do major shifts in rock properties and architecture (e.g., sand composition, clay-mineral content
and composition, organic-matter content, sand-body thickness and connectivity) in paralic to
alluvial strata tend to occur at sequence boundaries, transgressive surfaces, and maximum-flooding
surfaces (Figures 16.6, 16.7, 16.8; Bohacs and Suter, 1997; Bohacs, 1998; Amorosi and Colalongo,
2005; Amorosi et al., 1999a, 2005; Campo et al., 2017). These through-going physical surfaces
bound packages of rocks (systems tracts, sequences, and sequence sets) with distinct characteristics.
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This section discusses several examples of these changes, including parasequence expressions,
distribution of terrigenous organic matter/peat, and sedimentary provenance of both sand and mud.

Parasequence expression: The relative abundance of parasequence expressions varies
systematically not only laterally (upstream to downstream) but also vertically within the upstream
zone of the depositional sequence in an analogous manner to the changes observed in shoreline
character: wave dominated in TST and river/delta dominated in HST (e.g., Amorosi et al., 2005).
Thus, the LST is dominated by fluvial and upper-coastal-plain deposits, the TST has lower coastal
plain but few bay head deltas, and the HST has more bay head deltas and upper-coastal-plain
deposits but less abundant upper-coastal-plain strata. These changes in parasequence expression can
be translated quite directly into predictions of the three-dimensional distribution of rock properties
that affect hydrocarbon source, reservoir, and seal potential.

Distribution of depositional subenvironments and influences: The LST, bounded at the
base by the LGM Sequence Boundary weakly-developed paleosol, is characterized by Pleistocene
alluvial plain deposits and amalgamated laterally extensive fluvial sand bodies mostly deposited in
low-accommodation conditions. The TST is bounded by the Transgressive Surface, physically
consisting of the Younger Dryas disconformity that separates the purely alluvial deposits from the
coastal plain ones, in which parasequences 1, 2 and 3 reside. This systems tract is characterized by
back-stepping geometries within freshwater and then brackish estuarine deposits, reflecting a
transgressive evolution controlled primarily by millennial- and centennial- scale changes in the rate
of sea-level rise during the Early Holocene. The MFS marks the base of the HST with the transition
from deepening- to shallowing-upward trend, up to the parasequence 8. A delta plain (from an
upper to lower delta plain moving seaward) developed during the sea-level highstand. The upper
highstand parasequences seem more strongly influenced by fluctuations in sediment supply rates
rather than relative changes in sea level (Amorosi et al., 2005): during this period, local (autogenic)
processes, such as distributary channel avulsion and delta lobe abandonment, prevailed over
external (allogenic) controlling factors, making the connection between seaward and landward
expressions of the parasequences more difficult to discern.
At the parasequence scale, in the conceptual scheme of Figure 16.10a, it can be seen that
the parasequence boundaries bracket sediment packages (or facies tracts) that evolve landward from
fully marine to brackish and alluvial. In the most seaward areas, parasequence boundaries are
marked by a thin condensed interval of prodelta muds overlying transgressive barrier sands (e.g.
EM-S7). In contrast, in the paralic environment, the same surfaces are represented by transgressive
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bay muds on lagoon deposits (e.g., EM-S5), or by lagoonal facies onto swamp clays. Finally, at
landward locations, dominated by fluvial-floodplain and freshwater swamp deposits, these surfaces
are placed atop thick peat/coal deposits (e.g., 204-S8), and are typically overlain by crevasse splay
or distal levee deposits.
Within the parasequences, the most widespread deposits are generally the dominantly
muddy facies formed in swamp or poorly drained floodplain settings, in the upper portion of the
parasequence. The next most laterally extensive facies are those formed under standing water, in
bay or lagoonal sub-environments, also dominantly muddy. Mixed mud and sand facies, such as
distal levee, tend to be somewhat less laterally extensive, and commonly associated with laterally
coeval sandy facies such as crevasse splay or fluvial channel. The most sand-prone facies, beach
ridge, bay-head delta, and fluvial-channel/crevasse splay, tend to be significantly less laterally
extensive. Abrupt facies changes over quite short lateral distances are common with these facies. In
particular, the lateral change from beach ridge landward to lagoon in the backshore region
commonly occurs over distances of no more than 1 to 2 km (see Figure 16.7). At the landward
margin of the lagoon, the lateral change from bay-head delta to lagoon is somewhat less abrupt, but
still tends to occur over less than 4 km (see Figure 16.7). Fluvial-channel fills and their associated
crevasse-splay strata appear to extend on the order of 0.6 to 2 km in the portion of the profile shown
in Figure 16.7. As discussed in a previous section, there appear to be recurrent patterns associated
with the fill of fluvial channels and lateral progression of crevasse splays (e.g., between wells EMS1 and 204030U512 in Figure 16.7) that appear to be related to contemporaneous landward
expansions of the lagoon-margin facies association.

Fig. 16.10a: Conceptual scheme of landward to seaward parasequence correlations. Parasequence boundaries
bracket sediment packages that evolve landward from fully marine to brackish and alluvial.
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Distribution of terrigenous organic matter: The lowstand systems tract maintains a
relatively uniform thickness across the southern half of the study area, although with laterally
variable content of sand versus mud as a function of channel-fill distribution, and thickens markedly
only towards the Po River channel belt region in the north. Peat layers are very uncommon in the
lower portion of the LST but are slightly thicker and more common towards the top of the systems
tract, but still quite sparse in an absolute sense.
The transgressive systems tract thickens in upstream/landward areas and thins significantly
and is more mud prone in downstream/seaward regions. Peat bedsets are thickest at the base of the
TST and are thinner and less laterally extensive upward, whereas lagoonal mudstones become
thicker but also less laterally extensive through the same interval.
The highstand systems tract is thinnest in upstream/landward areas and thickens
significantly in downstream/seaward regions, where it is distinctly more sand prone. Organic-matter
content and extent decrease upward, from peat and kerogenous mud to carbonaceous mud and
argillaceous-carbonaceous mud. Bedded peats are most common and laterally extensive in the
lower portion of the HST, but are distinctly less common and extensive in the upper HST, both on a
relative and absolute scale (in the context of the overall LGM depositional sequence).
The relative development of peat bedsets as a function of position within the depositional
sequence are in general accord with those observed in many coal-bearing depositional sequences, as
reported and explained by Bohacs and Suter (1997) and Diessel et al. (2000). The distribution of
peat within the LGM depositional sequence is similar to the general model in that the best
developed peat bedsets are laterally equivalent to aggradationally stacked shorelines; the key
differences are that peat bedsets are poorly developed in portions of systems tracts that generally
have good peat development on an absolute basis (upper LST, lowermost TST). These differences
might be because the local ratio of accommodation to peat production rate in this area is too large
for most of the LST and TST (Figure 16.10b),
and appears to be in the optimum range for the
portion of the HST with aggradationally stacked
shorelines (the “coal window” of Diessel et al.,
2000).
Figure 16.10b: Total sedimentation rate vs peat
production rate. Total sedimentation rate is used as a
proxy for accommodation rate
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Thus the high-resolution chronostratigraphic framework made possible by the integration of a
detailed sequence stratigraphy with absolute age control, helps provide insights into the controls on
rock properties.

Sediment

provenance:

The

sequence-stratigraphic

framework

provides

detailed

chronostratigraphy and sedimentary-process context for studies that reveal systematic changes in
the origin of clastic sediments within the LGM depositional sequence. Provenance studies of both
sand-dominated (Marchesini et al., 2000) and clay-dominated facies associations (Amorosi et al.,
2002) conducted for the Ravenna and Comacchio area, near our cross sections, delineated the origin
of the sediments of each systems tract. Three petrofacies were described by Marchesini et al.
(2000), and confirmed by Amorosi et al. (2002): A) litharenite to arkose (Q45F20L35) with abundant
limestone fragments, B) litharenite

(Q35F16L59) with abundant extrabasinal carbonate grains

(limestone and dolomite) and volcanic grain enrichment of finer-grained lithics, and C) arkose
(Q55F27L18) rich in granitic rock fragments, with locally abundant limestone and volcanic lithic
fragments. The distribution of these petrofacies within the sequence-stratigraphic framework
reveals three main changes in the sediment provenance, each related to a specific systems tract
(Figure 16.10c):
•

Lowstand Systems Tract: In the southern part of the study area to the south of the
study area, the late Pleistocene fluvial-channel sands are characterized by a heavymineral assemblage (petrofacies A), and the floodplain clays indicate a chromium- and
serpentine-poor province, reflecting provenance from an Apenninic source area; these
fluvial sands, which are interpreted to represent sediment supply from the Po tributaries,
merge in the north with a thick channel belt sand body with characteristic Po River
geochemical signature.

•

Transgressive Systems Tract: A sharp change from petrofacies A to petrofacies B has
been documented across the Transgressive Surface (at the boundary between the late
Pleistocene deposits and the overlying Holocene transgressive barrier sands, and
transgressive mud-dominated deposits (inner estuary deposits). Dolomite shows a
considerable increase, attesting a possible contribution from the eastern Alpine region.
This documents a sudden change from an Apenninic source area to a mixed ApenninicAlpine (Po-related) provenance. This shift corresponds with a shift in character of the
muds also, from chromium- and serpentine-poor (Apenninic provenance) to chromiumand serpentine-rich (a mixed, Po-related provenance) that corresponds to the level in the
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TST at which coastal-plain swamps were replaced by barrier-lagoon systems (Amorosi
et al., 2002);
•

Highstand Systems Tract: The upward transition to petrofacies C has been interpreted
to reflect an increasing contribution from the Po River catchment area (with no Alpine
sediment supply) due to a systematic covariation in Cr, Ni, and serpentine reflecting a
contribution from the ophiolitic and metamorphic rocks of the Po River drainage basin.
This petrofacies characterizes the delta progradation phase during the period of the sealevel highstand, when the delta formed a barrier to the S-directed longshore transport
from the Alpine rivers.

Figure 16.10c: Evolution of the depositional sequence illustrated by the chemostratigraphy of sediment
provenance. The sequence-stratigraphic framework provides detailed chronostratigraphy and sedimentary process
context for studies that reveal systematic changes in the origin of clastic sediments within the LGM depositional
sequence. Detailed study of the composition and component origin of both coarse- and fine-grained sediments indicate a
distinct change from an Apenninic source area in the LST, to a mixed Apenninic-western Alpine provenance in the
TST, to eastern Alpine (Po River catchment) in the lower HST, and a return to Apenninic provenance in the upper HST.
Such changes in the composition could have significant influences on well-log response, diagenetic pathways, and
ultimately porosity-permeability relations.

These changes in the composition of coarse- and fine-grained sediments could have a significant
effect on rock properties that would influence well-log response, diagenetic pathways, and
ultimately porosity-permeability relations (Macquaker and Keller, 2013).
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8. Discussion

As ever, close examination of the fine-grained rocks provides many insights that aid both the
construction of a sequence-stratigraphic framework and the tie to rock-property variations. Some of
the traditional attributes, especially grain size distribution and composition are readily determined
even in these young, relatively unconsolidated sediments. Other techniques, such as piezocone
penetrometry and pocket penetrometry, along with detailed peat/coal analyses, can yield helpful
results. Of particular use were the CPTU tests that enabled the consistent recognition of not only the
obvious facies of fluvial channel, crevasse splay, levee, and floodplain (Amorosi and Marchi,
1999), but also two additional facies within the muddy realm of the overbank deposits: peat layers
and paleosols, all in the absence of core samples. Using a combination of attributes (color, reaction
to hydrochloric acid, and pocket penetrometer values), CPTU tests and pocket penetrometer
measurements are powerful tools for recognizing paleosols in boreholes and conventional
continuous core descriptions. This approach enables consistent recognition of paleosols among
investigators across broad areas, and even by inexperienced geologists (e.g., Amorosi et al., 2015).
For peats/coals, although microscopic methods are most commonly used to identify
accommodation trends, detailed logging of drill core or outcrop/mine exposures can be applied with
similar results. Such logging could be geophysical, geotechnical, or visual; key parameters include
coal brightness profiles, vitrinite reflectance, pyrite content and habit, root abundance and character,
shoot/root ratio, and amount and distribution of detrital minerals (see also Diessel, 2007, his Table
2). Other important sources of insights are the occurrence, distribution, and character of intra-seam
stone bands and the stratigraphic context, i.e., the nature of lower and upper contacts of the seam
(Diessel et al., 2000; Diessel, 2007).
Finally, petrographic and geochemical markers appear to represent powerful tools for the
reconstruction of changes in sediment dispersal patterns, and thus changes in paleogeography, as a
function of sea-level fluctuations. Sandstone petrography is commonly used to detect changes in
sediment flux within sedimentary successions. Due to unsuitability of the finest fractions for
petrographic analysis, however, this technique can provide an important window into the
reconstruction of provenance history, but cannot provide the full picture. Among the geochemical
indicators that may help in the discrimination of distinct provenance signals in fine-grained
deposits, we emphasize the high potential of Cr and Ni to fingerprint ultramafic contributions to the
Po River. This study suggests that major compositional changes are expected across the key
surfaces for sequence stratigraphic interpretation.
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9. Insights into controls on stratal architecture

The Late Pleistocene-early Holocene paleogeographic evolution of the Adriatic coastline and of
the Po River system provides insights into the complex responses of a coastal system to changes in
sediment supply and accommodation. The sequence-stratigraphic framework calibrated with 132
radiocarbon dates enables ties to independently constrained changes in eustacy, climate, and ocean
conditions. These ties allow us to parse the controls on stratal architecture among combinations of
several factors, including: (i) the ratio of rates of eustatic change and sediment flux, (ii) basin
physiography, and (iii) antecedent topography, and to track the changes in their relative importance
through the depositional sequence. All of these factors are discussed more fully in Bruno et al.,
(2017 submitted).
The influence of basin physiography, antecedent topography, and eustacy relative to sediment
supply appears to vary systematically throughout the LGM depositional sequence within and among
systems tracts.
Lowstand systems tract: In the relatively updip/upstream area spanned by this study, it is
challenging to attribute any particular element of the stratigraphic record of the lower portion of the
Lowstand Systems Tract (LST) to a particular factor, although there is independent evidence of
eustatic rises circa 19 and 18 kyBP (e.g., Lea et al., 2002), as well as a significant break down of
glaciers in the Alps and Apennine mountains between 18 and 17 kyBP (Monegato et al., 2007;
Florineth and Schlüchter, 1998; Giraudi, 2011; our Figure 16.10d). These influences are better
recorded in the downdip portion of the LST, out in the present-day mid-Adriatic Deep, where one
can interpret both allogenic and autogenic influences (Pellegrini et al., 2017in press). The upper
portion of the LST in the study does show a significant change in alluvial architecture, from almost
completely amalgamated channel belts to non-amalgamated channel belts separated by abundant
floodplain mudstone, at about 14 kyBP which coincides with the first major meltwater pulse
(MWP-1A), at time of rapid eustatic rise of tens of meters (Figure 16.10d). Thus, the change in
stratal architecture probably was influenced by increased rates of both accommodation and
sediment supply. Basin physiography was substantially different from present day during most of
the LST: shorelines were hundreds of kilometers downdip, shallow shelfal areas were at a minimum
(indeed, the entire northern region of the Adriatic Sea was subaerially exposed), and the Po River
discharged directly into the mid-Adriatic Deep. Thus the LST in the study accumulated far from
direct influence of the sea (Amorosi et al., 2016; Campo et al., 2017). Antecedent topography,
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especially the morphology of the basal surface is a key factor controlling facies development and
environmental evolution (Heap & Nichol, 1997; Dillenburg et al., 2000; Rodríguez et al., 2005;
Abrahim et al., 2008; Anderson et al., 2008; Rossi et al., 2011). Low-gradient surfaces favor rapid
landward shifts of facies, whereas the presence of structural highs may limit the emplacement of
transgressive deposits (Cattaneo & Steel, 2003). The thickness and preservation potential of
deposits are generally high within paleovalleys, and low on interfluves (Dalrymple et al., 1992;
Zaitlin et al., 1994). In the case of drowned Po River paleovalleys, antecedent topography
substantially coincides with valley morphology, resulting in amalgamated channel belt sands.
Transgressive systems tract: The Transgressive Systems Tract in the study area appears to
record clearly a quite significant influence of allogenic eustacy as well as evolving basin
physiography and antecedent topography. The Transgressive Surface at the base of the TST,
interpreted at the top of a weakly developed paleosol, formed during the Younger Dryas (YD) cold
reversal indicating substantial allogenic influence. The Flooding Surfaces at the base of the
overlying early Holocene transgressive parasequences are coeval with three major phases of rapid,
but stepped eustatic rise (MWP-1B ca. 11.5 cal kyBP, mwp-1c ca. 9.3 cal kyBP, and mwp-1d ca.
7.8 cal kyBP ), recorded at global scale (Fairbanks, 1989; Liu et al., 2004; ca 11.5 cal kyBP:
Maddox et al., 2008, Delgado et al., 2012; Milli et al., 2013; ca. 9.5-9.2 cal ky BP: Hori et al.,
2002; Zong et al., 2009; Amorosi et al., 2013, Tanabe et al., 2015; and ca. 8.0-7.3 cal ky BP: Heap
& Nichol, 1997; Li et al., 2002; Abrahim et al., 2008; Trog et al., 2013; Breda et al., 2016) and in
the Mediterranean (Lambeck et al., 2011; Vacchi et al., 2016). This influence is shown by the onlap
of the early Holocene flooding surfaces onto the Transgressive Surface (YD paleosol), documented
by progressively younger radiocarbon ages in updip positions (between about 11.5 and 7.0 cal ky
BP; Figure 16.7a, 16.7b), as well as by changes in the river system around 11.5 cal ky BP: 1) the Po
River system became avulsive/distributive, and

2) poorly drained floodplains and wetlands

developed between distributary channels. These environmental changes are interpreted as a
response to a eustatic rise associated with MWP-1B (11.6–11.3 cal ky BP) and consequent
landward shift of the Adriatic coastline by several km (Trincardi et al., 1994). The boundary
between tributive and distributive zones of fluvial systems migrates in response to shoreline
translation (Boyd et al., 2006; Blum et al., 2013) because river systems become avulsive,
distributive, and aggrading as they enter their backwater lengths (Blum & Törnqvist, 2000).
Channel superelevation induced high groundwater table and the consequent expansion of areas with
high groundwater tables. The close correspondence of the main parasequence boundaries to eustatic
rises indicates a strong allogenic control, although the presence of several minor, more localized
flooding surfaces within parasequence 2 suggests some autogenic influences (indeed, Kim et al.
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(2006) make the case, based on experimental simulations, that autogenic shoreline variability tends
to be stronger when the shoreline is migrating against the direction of mean sediment transport, i.e.,
during transgression). In terms of basin physiography, by around 11 cal ky BP the Northern
Adriatic Sea had an oceanographic regime comparable with the modern. Counter-clockwise
circulation transported sediments from north to south along the Italian coast (Cattaneo & Trincardi,
1999; Storms et al., 2008; Pellegrini et al., 2015). Transgressive-barrier islands derived their
sediment from rivers draining the Southern Alps and carried southerly currents, as well as from
reworking of older barriers, as shown by geochemical and paleontological analyses (Figure 16.10c;
Amorosi et al., 2002; Scarponi et al., 2013; Bruno et al., 2017 submitted). The main estuary was fed
by the Po River and had the sedimentation rates as high as 5-6 mm/y, likely favored by significant
terrigenous sediment input rates and by the presence of the barrier, which reduced dispersion by
marine processes. The wide area occupied by fluvial-dominated facies associations, compared with
the narrow brackish zone in back-barrier position suggests that fluvial processes were dominant
within the Po estuary. Sediment trapping in the estuary resulted in reduced sediment influx to the
basin, as testified by the reduced thickness of offshore-transition deposits. In terms of antecedent
topography, the complex morphology of the Transgressive Surface (top YD paleosol) substantially
influenced facies evolution and distribution in the initial stages of estuary formation (11.5-9.2 ky
BP). Due to the combined effect of local tectonics/subsidence and river incision, the Transgressive
Surface was characterized by an irregular morphology, with differences in elevation > 20 m (Bruno
et al., 2017 submitted). The thickness, stacking patterns, and internal facies configuration of the
TST and pattern of estuary evolution reflect this complex morphology: low-lying interfluvial areas
were drowned in the early stages of estuary formation (Fig. 6B), whereas the more elevated
interfluves were flooded only at peak transgression (Figs 6C and 6D). The originally irregular
topography was smoothed by the emplacement of parasequence 1, and transgressive sedimentation
after 9.2 cal ky BP occurred on a nearly horizontal surface (parasequence 2). Rapid barrier retreat
(up to ~10m/y) was forced by high rates of eustatic rise, likely enhanced by the extremely low
gradient of the submerged surface.
Highstand systems tract: The maximum flooding surface is coeval with a decrease in rate of
eustatic rise at about 7.5 cal ky BP, and the overlying Highstand Systems Tract developed during a
time of relatively stable eustacy. This stabilization of eustacy resulted in rates of sediment supply
that exceeded the rates of accommodation increase and favored progradation of bayhead-delta
mouths and the partial filling of the central basin of the estuary (Figures 16.7a, 16.7b). The stacking
patterns and lateral distributions of parasequences 4 and 5 suggests a subequal influence of
accommodation and sediment supply rates in the early HST, whereas, the upper highstand
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parasequences (6-8) appear more strongly influenced by autogenic fluctuations in sediment supply
rates (e.g., distributary channel avulsion and delta lobe abandonment; Amorosi et al., 2005). During
the HST, basin physiography evolved from a more wave-dominated estuary, with a well-developed
transgressive barrier complex at the mouth of the estuary, a narrow central basin behind the barrier,
and a wide bayhead delta system at the head, to a more river-dominated shoreline system (Figure
16.7), due to the interaction of increased sediment supply rates relative to accommodation increase.
Antecedent topography was relatively subdued on the MFS and almost entirely constructional (i.e.,
due to sediment accumulation). Topographic-bathymetric relief on successive parasequence
boundaries in the HST increased substantially, developing a quite distinct topset, foreset, and
tangential bottomset configuration; foreset slopes increased by about 150%,

from 0.075

(arctan(5.4m/4100m)) degrees on the MFS to 0.11 degrees (arctan(17.8m/9000m)) on the top of
parasequence 5 (Figure 16.7a).
In summary, the essentially unparalleled age and stratigraphic control available in this study
allows investigation of the influences of allogenic and autogenic processes on the stratal record and
allows us to parse the influence of basin physiography, antecedent topography, and eustacy relative
to sediment supply. There appears to be systematic variations among these influences throughout
the LGM depositional sequence within and among systems tracts.

10. Conclusions

The LP-H succession of the Po River Plain is an outstanding example of how using the
sequence-stratigraphic approach enables one to decipher depositional history and play-element
occurrence, character, and distribution, even in depositional environments that is quite different
from those usually studied—in this case, a paralic to alluvial setting, in a tectonically active area (a
setting that is not unlike that of the Green River Formation). As with the Green River Formation,
this unit highlights the importance of carefully examining the rocks: not searching for a model to fit
data, but using data to construct a locally applicable model by following the full sequencestratigraphic approach—method, observations, models, mechanisms. It is essential to use the full
range of physical, biological, and chemical attributes to understand the main processes in the
depositional environment, both by inverting the observations using first principles and by applying
insights from studies of modern river and coastal systems to infer the consequences and products of
depositional processes.
The high-resolution sequence-stratigraphic framework from the Last Glacial Maximum, in
the subsurface of the Ferrara coastal plain, that has been constructed relied thoroughly upon the
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detailed and integrated analysis of continuous cores, and the interpretation and correlation of
boreholes descriptions and cone-penetration tests with piezocone tool.
A study of short (103-yr and 102-yr) time-scale cyclicity has been portrayed to decipher the
sedimentary response of the Adriatic coastal system to high-frequency climatic and eustatic
variations. This study recognized 8 parasequences that are defined by their characteristic bounding
surfaces, internal stacking patterns, and geometric relations to surrounding strata. The highresolution age control available in this study indicates that parasequences formed on millennial time
periods. Of the three different mechanisms that most commonly generate parasequence boundaries
in marginal-marine settings (delta-lobe switching, local tectonic movement, eustacy; see discussion
in Chapter 5), the first mechanism appears to be most common in the HST, and the third mechanism
in the TST, in this study area. In any event, all of these stratal successions conform to the definition
of a parasequence (as discussed in Chapter 5).
This study led to the following conclusions:
Po illustrates how the relation of changing sea level to sequence stratigraphy is mediated by
sediment supply rates (detrital and biogenic) as well as by the other components of
accommodation (e.g., compaction, groundwater table).
At the parasequence scale, in the paralic realm, the ‘correlative surface’ to the floodingsurface portion of a parasequence boundary most commonly occurs at the top of a bedded
peat/coal. This interpretation is supported by both empirical and conceptual considerations:
it is the top of the bedded peats that can be correlated the farthest and most consistently, and
the end of the accumulation of bedded peat in this zone is commonly due to a supercritical
increase in accommodation/sediment supply rate, following the generic definition of a
parasequence boundary (see Chapter 5).
At the depositional-sequence scale, an excellent illustration that it is essential to follow the
critical definition for finding the MFS (farthest landward extension of basinal facies)-- the
shoreline trajectory is a proxy method that, although useful in many cases, can lead one
astray in areas of highly variable sediment supply (e.g., Martinsen and Helland-Hansen,
1995; Church and Gawthorpe, 1997).
Concerning implications for the general application of sequence stratigraphy, there is some
concern that the finer and finer-scale discontinuities, which become apparent as the spatial
and chronological resolution of the data increases, complicates or even obviates the
application of the sequence-stratigraphic approach (e.g., Galloway, 1989; Miall, 1991;
Embry, 1993, 1995; Neal and Abreu, 2009). This study, however, indicates that sequence
stratigraphy is eminently useful for analyzing meter-scale stratal units at millennial to
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centennial scales—in systems with sufficiently high accommodation and sediment-supply
rates to record high-frequency changes.
The sequence-stratigraphic approach can be applied to generate useful insights even in
settings not dominated by standing water (i.e., marine or lacustrine) because the stratal
record is an integrated response to changes in rates of accommodation relative to sediment
supply.
High-resolution age control confirms the chronostratigraphic utility of the physical surfaces
and stacking patterns employed by the sequence-stratigraphic approach.
Sequence-stratigraphic surfaces can be correlated across depositional environments and
settings, from marine to paralic to alluvial, despite changes in lithofacies, grain size,
composition, biofacies, and even stacking patterns.
This study illustrates the power of integrating a broad range of physical, biogenic, and
chemical attributes, and that it is especially important to use paleonotologic data not just for
age control and correlation, but also for insights into depositional conditions and subenvironmental settings. This approach is especially helpful in younger strata where fossil
taxa have extant cousins that allow confident resolution of depositional environments at a
fine scale (e.g., the ability to subdivide the brackish environment into 5 sub-divisions: BaBd, Mb; as shown in Table 16.2).
Sequence-stratigraphic surfaces, stratal units, and stacking architecture appear to be rather
independent of the time scale for their formation. Indeed, most of the parasequences in the
LGM depositional sequence in this area formed at millennial or shorter scales.
The sequence-stratigraphic approach allows construction of a chronostratigraphic
framework despite the various (and changing) roles of allogenic and autogenic processes.
Indeed, the framework thus constructed allows one to address the relative role of allogenic
versus autogenic processes, and to parse out the contributions of the components of
accommodation (sea level/groundwater table, compaction, subsidence) and sediment-supply
rates.
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6. CONCLUSIONS

During the last decade, late Quaternary depositional systems have been studied extensively at
different time scales, with the aim of developing models able to predict the sedimentary response of
depositional environments to future climate change.
Proximal segments of alluvial successions exhibit a characteristic stratigraphic architecture,
made up of a complex succession of floodplain clays and fluvial-channel sand bodies, resulting
from the interplay of allogenic and autogenic controlling factors. The development of an integrated
model that includes paleosols, fluvial facies, and associated bounding surfaces is crucial to
prediction of non-marine stratigraphic architecture. Previous sequence-stratigraphic work has
emphasized the key role of paleosols, and associated sand-dominated fluvial bodies, for interpreting
and correlating alluvial architecture, but the temporal resolution of the ancient record is
insufficiently resolved to fully explain this complex relationship under changing sea-level and
climate conditions.
Moving from the proximal to the distal portion of the late Quaternary Po Basin succession, the
transition from alluvial clay deposits to swampy and marine-influenced facies associations was
attested. Coastal deposits, with their classic, transgressive-regressive, wedge-shaped geometry,
exhibit an internal configuration of millennial-scale sediment packages that has been predominantly
conceptualized rather than documented. Additionally, in most cases stratigraphic correlations are
made with relatively poor chronologic control. As a result, only limited information can be inferred
about the factors (allogenic versus autogenic) that might have controlled facies architecture.
This Ph.D. study focused on the Late Pleistocene-Holocene alluvial succession of the Po Plain.
Owing to its high-resolution climatic and eustatic records, this period represents an interval of time
where process controls are well established. It can be used, therefore, to develop reliable predictive
models in ancient rocks, for which controlling factors are unknown and a good chronologic
framework is missing. Three main sectors of the southern Po Plain were analyzed: in the most
proximal area (Manuscript 1), a thick succession of floodplain muds with complex lens-shaped
fluvial-channel geometries was examined for its paleosol characteristics; in a relatively distal
portion of the alluvial plain (Manuscripts 2 and 3), lateral paleosol traceability and paleosol-fluvial
channel relationships were investigated through the 3D reconstruction of the Last Galcial Maximum
and Younger Dryas paleotopographies; and, finally, in the most distal area (Manuscripts 4 and 5),
the stratigraphic architecture of the coeval Holocene coastal succession was analyzed and
subdivided into millennial-scale packages.
The key points of this work can be summarized as follows:
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•

Although paleosols represent an essential part of the stratigraphic interpretation

process, their presence is often neglected in descriptive logs, which can be highly subjective,
especially when geologists lack a specific sedimentological training. Simple geotechnical
data (pocket penetrometer resistance) normally available from most core descriptions may
provide objective information on sedimentological characteristics previously unheeded. The
integration of pocket penetrometer values with accurate facies analysis (even from a limited
number of cores) can be effective in identifying pedogenically modified muds, leading to a
significant enlargement of control points.
Paleosols have a diagnostic, overconsolidated signature, with higher resistance than the
other alluvial facies, and pocket penetration values ranging between 2 and 6 kg/cm2. The
maximum compressive strength recorded along the paleosol profile marks the transition
from A to Bk paleosol horizons. The repeated alternation of weakly developed paleosols
with non-pedogenized, alluvial strata is the dominant feature of alluvial stratigraphy in the
Po Plain. Paleosols span intervals of time of a few thousand years, and can be traced over
distances of tens of km, allowing the identification of sedimentary packages of
chronostratigraphic significance;
•

The principles of pedostratigraphy were applied to a large sector of the Po Plain to

construct a realistic subsurface model of paleosol-channel belt sand body relationships from
a rapidly subsiding basin. Since paleosol characteristics may vary depending on their paleolandscape position, we used an allostratigraphic approach built primarily on stratigraphic
position of paleosols, rather than on individual soil features.
The stratigraphic architecture of the Late Pleistocene fluvial succession consists of a
series of aggradationally stacked, locally amalgamated channel-belt sand bodies in lieu of a
well-defined paleovalley system underlain by a composite valley-fill unconformity. Channel
bodies are focused beneath the modern Po River and provide a nearly continuous record of
falling-stage and lowstand fluvial sedimentation spanning the entire glacial interval (MIS 4
to MIS 2), with poor evidence of degradational architecture.
A set of regionally mappable, weakly-developed paleosols (Inceptisols in Soil Survey
Staff, 1999) was identified and traced for tens of km across a wide portion of the Po Plain,
from the modern Po River to the Apennine margin. The most prominent paleosol developed
at the onset of the Last Glacial Maximum (LGM), i.e. during a period of abrupt climate
cooling associated with significant sea-level drop. The Younger Dryas (YD) paleosol is less
developed than the LGM paleosol, and its evolution was mainly driven by climate forcing.
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Weakly-developed paleosols delineate stratigraphic surfaces that approximate time lines
and may allow continuous, high-resolution reconstruction of alluvial architecture. Owing to
their distinctive engineering properties, unconsolidated successions of paleosols can readily
be delineated based on (piezo)cone penetration and pocket penetration tests inferred from
conventional core descriptions, thus facilitating stratigraphic correlation based on
continuous cores analysis.
No mature paleosols, corresponding to the interfluve sequence boundaries of classic
sequence-stratigraphic models, were observed in the cored intervals; pedogenic features,
instead, include cumulative paleosols (LGM paleosol), made up of closely spaced, weaklydeveloped pedogenically-modified horizons separated by thin, non-pedogenized intervals.
The YD paleosol is characterized, instead, by a single soil profile.
Basin-scale correlations permit an unequivocal link to be established between paleosol
development and generation of channel-belt sand bodies. The LGM cumulative profile soil
is invariably coupled to the largest channel-belt sand bodies, reflecting sedimentation in
shallowly-incised valleys. Whereas the simple YD soil profile correlates with narrower
channel belts, formed over shorter periods of time, and is not associated with significant
fluvial incision.
This paper shows that in a high-accommodation fluvial setting sea-level fall may result in
very minor or no degradation. In the Po system, up-dip of the Holocene estuarine-deltaic
sediment wedge, where the long-valley (“equilibrium”) profile of the fluvial system extends
and under conditions of high sediment flux, the system could be expected not to degrade or
incise.
•

The paleolandscapes of the central Po Plain during the Last Glacial Maximum

(LGM) and Younger Dryas (YD) cold periods were 3D reconstructed through highresolution stratigraphic analysis. The paleotopography was built primarily on the
identification and lateral tracking of laterally extensive paleosols that correlate in the north
with thick aggradationally stacked fluvial-channel sand bodies related to the Po River.
Two weakly developed (LGM and YD) paleosols, firstly identified in core, were traced
with the aid of CPTU analysis, following geometric correlation criteria. Radiocarbon dates
were used as control points for stratigraphic correlation. The limited number of

14

C dates

from the amalgamated fluvial channel-belt units resulted in uncertain correlation between
fluvial sand bodies and the two major pedogenically modified surfaces.
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The paleotopography at the time of formation of the LGM and YD paleosols shows
recurrent features: the southern Po Plain hosted Apennine tributaries that flowed into the Po
River, flanked by NE-dipping interfluves, where widespread pedogenesis took place,
whereas the northern part of the study area hosted laterally migrating river systems, resulting
in thick Po channel-belt units.
Architectural differences in scale and geometry between the LGM and YD channel-belt
sand bodies, as well as differences in paleosol characteristics reflect the longer duration and
higher magnitude of the cooling event at the onset of the LGM.
This study documents the extent to which climatic variations may affect the fluvial
environment over short time scales, inducing rivers to incise and creating conditions
favorable to the formation of weakly-developed soils on the interfluves. These data are also
important for reservoir studies, as they show that fluvial channel-belts formed during shortlived glacial periods can generate highly interconnected sediment bodies, increasing their
reservoir capacity.
•

The Po coastal plain is a rapidly subsiding region with high sensitivity to changes in

accommodation. Within the 30 m-thick Holocene coastal wedge, small-scale packages
bounded by marine flooding surfaces and their equivalents (i.e., parasequences) represent
fundamental stratal units, where the environmental response to millennial-scale sea-level
change can be reconstructed across genetically-related segments of the dispersal system.
The Holocene depositional history of the Po coastal plain was reconstructed through
stratigraphic correlation of eight parasequences developed on millennial time scales.
Individual parasequences were physically traced confidently across the entire study area
through a detailed stratigraphic framework, additionally constrained chronologically by 131
radiocarbon dates. Changes in water depth, salinity and confinement levels were estimated
from biofacies analysis, using meiofauna and mollusks, which allowed us to trace
parasequence boundaries for tens of km landward of the coeval shorelines.
We assessed architectural styles and the impact of short-term sea-level fluctuations on
systems tract configuration. Backstepping parasequences (1–3) display a consistent and
predictable pattern of transgressive deposits that records the transformation of the coastal
plain into a wave-dominated estuary. The rapid landward migration of the transgressive
barrier complex and related facies belt is punctuated by a set of higher-frequency
(centennial-scale) flooding surfaces. Conversely, highstand parasequences (4–8) exhibit a
complex aggradational to progradational stacking pattern of deltaic and coastal deposits.
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Sedimentation rates reveal strong sediment volume partitioning, with considerable sediment
storage in the coastal plain during transgression, followed by sediment by-pass and coastal
progradation during sea-level highstand.
The detailed chronostratigraphic framework reconstructed in the study area enabled us to
discriminate between allogenic and autogenic processes that may have driven the observed
changes in parasequence development and shoreline trajectory. Eustasy appears to be a
dominant control on stratigraphic architecture of Early Holocene parasequences, as
documented by the striking correlation between the ages of flooding surfaces 1–3 and
global/Mediterranean sea-level fluctuations. Conversely, parasequence development in
Middle to Late Holocene deposits appears to have been controlled dominantly by autogenic
processes (channel avulsion and delta lobe switching) during the generalized phase of sealevel stabilization.
This study enhances our knowledge about depositional controls and the stratigraphic
response of coastal systems to short-term (millennial-scale) sea-level fluctuations, providing
fundamental insights into modelling and prediction of parasequence architecture from the
rock record. Reconstructing the dominant environments of deposition over millennial time
scales (i.e., individual parasequences) is likely to provide a much more robust and detailed
mapping of the extent and thickness of sediment bodies than using systems tracts. In the
study area, where sea-level control on parasequence stacking patterns and shoreline
trajectory is documented rather than inferred, we see that parasequences develop on similar
spatial and temporal scales, irrespective of their allogenic or autogenic controlling
mechanisms. Parasequences of allogenic origin can be traced basinwide. Parasequences
governed by autogenic mechanisms can be traced over areas at least 300 km2 wide, across
distinct depositional systems. Only at the basin scale, their bounding surfaces are likely to
become poorly predictable. These observations suggest that similar patterns in ancient strata
could be used to infer the relative influence of allogenic and autogenic controls.
•

The Upper Pleistocene-Holocene succession of the Po Plain is an outstanding

example of how using the sequence-stratigraphic approach enables one to decipher
depositional history and play-element occurrence, character, and distribution, even in
depositional environments that are quite different from ancient rock formation, in this case a
paralic to alluvial setting, in a tectonically active area. This unit highlights the importance of
carefully examining the rocks: not searching for a model to fit data, but using data to
construct a locally applicable model by following the full sequence-stratigraphic approach,
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method, observations, models, mechanisms. It is essential to use the full range of physical,
biological, and chemical attributes to understand the main processes in the depositional
environment, both by inverting the observations using first principles and by applying
insights from studies of modern river and coastal systems to infer the consequences and
products of depositional processes.
The high-resolution sequence-stratigraphic framework from the Last Glacial Maximum,
in the subsurface of the Ferrara coastal plain, relied thoroughly upon the detailed and
integrated analysis of continuous cores, and the interpretation and correlation of boreholes
descriptions and cone-penetration tests with the piezocone tool.
The Po system illustrates how the relation of changing sea level to sequence stratigraphy
is mediated by sediment supply rates (detrital and biogenic) as well as by the other
components of accommodation (e.g., compaction, groundwater table).
At the parasequence scale, in the paralic realm, the ‘correlative surface’ to the floodingsurface portion of a parasequence boundary most commonly occurs at the top of a bedded
peat/coal. This interpretation is supported by both empirical and conceptual considerations:
it is the top of the bedded peats that can be correlated the farthest and most consistently, and
the end of the accumulation of bedded peat in this zone is commonly due to a supercritical
increase in accommodation/sediment supply rate, following the generic definition of a
parasequence boundary.
Concerning implications for the general application of sequence stratigraphy, there is
some concern that the finer and finer-scale discontinuities, which become apparent as the
spatial and chronological resolution of the data increases, complicate or even obviate the
application of the sequence-stratigraphic approach. This study, however, indicates that
sequence stratigraphy is eminently useful for analyzing meter-scale stratal units at millennial
to centennial scales—in systems with sufficiently high accommodation and sediment-supply
rates to record high-frequency changes.
Construction of sequence-stratigraphic frameworks should be based on observations of
the geometric relations of the strata and not on inferred positions of sea level. There is not
necessarily a 1:1 relation between sea level and systems tracts. The ultimate stratal
architecture is a result of the interaction of all processes that influence accommodation and
sediment supply. In the Po Plain LGM depositional sequence, there is a good
correspondence between sea level history and stratal geometry in the LST to lower HST that
diverges in the upper HST for understandable and predictable reason (i.e., a change in
sediment-supply rate, sedimentary provenance, and shoreline character).
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The sequence-stratigraphic approach can be applied to generate useful insights even in
settings not dominated by standing water (i.e., marine or lacustrine), because the stratal
record is an integrated response to changes in rates of accommodation relative to sediment
supply. Sequence-stratigraphic surfaces can be correlated across depositional environments
and settings, from marine to paralic to alluvial, despite changes in lithofacies, grain size,
composition, biofacies, and even stacking patterns.
The

sequence-stratigraphic

approach

allows,

then,

the

construction

of

a

chronostratigraphic framework despite the various (and changing) roles of allogenic and
autogenic processes. Indeed, the framework thus constructed allows one to address the
relative role of allogenic versus autogenic processes, and to parse out the contribution of the
components of accommodation (sea level/groundwater table, compaction, subsidence) and
sediment-supply rates.
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