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ABSTRACT

Despite increased application of subsurface datasets below the limits of seis-

mic resolution, reconstructing near-surface deformation of shallow key strati-

graphic markers beneath modern alluvial and coastal plains through sediment

core analysis has received little attention. Highly resolved stratigraphy of

Upper Pleistocene to Holocene (Marine Isotope Stage 5e to Marine Isotope

Stage 1) alluvial, deltaic and coastal depositional systems across the southern

Po Plain, down to 150 m depth, provides an unambiguous documentation on

the deformation of previously flat-lying strata that goes back in time beyond

the limits of morphological, historical and palaeoseismic records. Five promi-

nent key horizons, accurately selected on the basis of their sedimentological

characteristics and typified for their fossil content, were used as highly effec-

tive stratigraphic markers (M1 to M5) that can be tracked for tens of kilometres

across the basin. A facies-controlled approach tied to a robust chronology (102

radiocarbon dates) reveals considerable deformation of laterally extensive

nearshore (M1), continental (M2 and M3) and lagoon (M4 and M5) marker

beds originally deposited in a horizontal position (M1, M4 and M5). The areas

where antiformal geometries are best observed are remarkably coincident with

the axes of buried ramp anticlines, across which new seismic images reveal

substantially warped stratal geometries of Lower Pleistocene strata. The strik-

ing spatial coincidence of fold crests with the epicentres of historic and instru-

mental seismicity suggests that deformation of marker beds M1 to M5 might

reflect, in part at least, syntectonically generated relief and, thus, active tecton-

ism. Precise identification and lateral tracing of chronologically constrained

stratigraphic markers in the 14C time window through combined sedimento-

logical and palaeoecological data may delineate late Quaternary subsurface

stratigraphic architecture at an unprecedented level of detail, outlining cryptic

stratal geometries at the sub-seismic scale. This approach is highly repro-

ducible in tectonically active Quaternary depositional systems and can help to

assess patterns of active deformation in the subsurface of modern alluvial and

coastal plains worldwide.

Keywords Holocene, near-surface deformation, Po Plain, Quaternary, sedi-
ment core analysis, stratigraphic marker.
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INTRODUCTION

Conventional seismic analysis in onshore regions
generally provides insufficient resolution into the
identification of thrust-related deformation of
upper Quaternary strata. In such areas, geomor-
phic and palaeoseismic data of Quaternary age
are routinely used for detecting active tectonics.
Geomorphic data include uplifted fluvial or mar-
ine terraces, changes in stream gradients, vegeta-
tion lineaments, topographic scarps and aligned
drainages (e.g. Azor et al., 2002; Keller & Pinter,
2002; Picotti & Pazzaglia, 2008; Rossetti et al.,
2014; Whitney & Hengesh, 2015; Matsu’ura &
Sugaya, 2017). Palaeoseismic investigations com-
prise excavation of trenches and surficial coring
surveys (e.g. Barka et al., 2002; Prentice et al.,
2010; Audemard & Michetti, 2011). However, in
modern alluvial and coastal plains developed on
top of actively subsiding basins, tectonics can
have no significant or persistent geomorphic
expression. Far from the basin margins, in partic-
ular, tectonically-generated accommodation is
systematically counterbalanced by depositional
filling, and the record of past seismic events is no
longer prominent in the resulting flat morphol-
ogy. On the other hand, shallow coring or trench-
ing datasets are spatially limited and provide
highly fragmentary point data that are typically
focused on very short temporal scales that can be
poorly representative of the past seismic activity.
In particular, large earthquakes with recurrence
intervals of several centuries to a few millennia
can be missed by the use of temporally short data-
sets. As a consequence, geological records on cen-
tennial to millennial temporal scales and high-
resolution near-surface stratigraphic studies are
crucial to understand the occurrence of large, but
infrequent, seismic events (Begg et al., 1993;
Sinha et al., 2005; Ishiyama et al., 2007, 2013;
Dura et al., 2016).
The Po Plain (northern Italy) has been the

object of intensive geophysical surveys and dril-
lings by oil companies, aimed at an improved
characterization of the petroleum systems in the
area (Pieri & Groppi, 1981; Ghielmi et al., 2010,
2013; Amadori et al., 2019). Previous strati-
graphic studies have focused largely on the defor-
mation of the Pliocene to Middle Pleistocene
syntectonic basin fill and prominent basin-scale
unconformities have been tracked in the subsur-
face (Regione Emilia-Romagna & ENI-AGIP, 1998;
Regione Lombardia & ENI-Divisione Agip, 2002;
Muttoni et al., 2003; Ghielmi et al., 2010, 2013;

Garzanti et al., 2011; Bresciani & Perotti, 2014;
Amadori et al., 2019). In contrast, deformation of
Upper Pleistocene–Holocene deposits over the
past 125 kyr has received very little study.
The Po Plain is historically a region with rare

earthquakes greater than magnitude 5. In 2012,
it experienced two Mw ca 6.0 damaging earth-
quakes close to the village of Mirandola
(Fig. 1A). Coseismic surface ruptures in the cen-
tral sector of the buried Ferrara arc resulted in
ground fractures associated with widespread soil
liquefaction phenomena and a 15 to 20 cm anti-
clinal crest growth (Caputo et al., 2015; Caran-
nante et al., 2015). This fact raised the issue of
seismic hazard assessment in the area. Follow-
ing the 2012 Po Plain earthquakes, several
palaeoseismic and historical earthquake studies
were undertaken, and a few studies addressed
some aspects of the possible use of combined
sedimentological and stratigraphic criteria to
assess the deformation of Quaternary strata.
These studies, however, suffered from a lack of
palaeotopographic accuracy, because they
focused on palaeosurfaces that were far from
being horizontal at the time of formation: for
example, palaeosols (Amorosi et al., 2017b) and
fluvial channel-belts (Stefani et al., 2018).
Upper Pleistocene–Holocene sedimentary suc-

cessions in tectonically active regions are key to
understanding syndepositional tectonics, because
they provide information on a millennial time-
scale. Few researchers only, however, have used
the spatial distribution of sedimentary facies to
depict the deformation of near-surface, upper
Quaternary strata (Ishiyama et al., 2007; Tamura
et al., 2010; Niwa et al., 2019; Niwa & Sugai,
2020). This paper explores the deformation of tar-
geted stratigraphic markers that approximate
palaeohorizontal surfaces through accurate facies
analysis of a relatively shallow (<150 m), Upper
Pleistocene–Holocene sedimentary succession.
The south-eastern Po Plain serves as a very useful
location for high-resolution Quaternary records,
as it has received intensive study, and a compre-
hensive sequence stratigraphic, sedimentological
and palaeontological framework, chronologically
constrained by over 200 radiocarbon dates, is
available (Campo et al., 2017; Amorosi et al.,
2017a,b; Bruno et al., 2017b). The approach taken
here involves the high-resolution study of drill
cores of Late Pleistocene–Holocene age from the
shallow subsurface, coupled with the seismic
stratigraphic analysis of the basin fill.
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Previous stratigraphic work from the Po River
system has focused on reconstructing the
sequence-stratigraphic architecture of the upper
Quaternary succession, on a basin scale (Campo
et al., 2017, 2020a; Amorosi et al., 2017a, 2020;
Bruno et al., 2017a,b). Through a high-resolution
stratigraphic framework of shallow buried depo-
sitional systems, chronologically constrained by
102 radiocarbon dates, this paper shows how

combined sedimentological and palaeoecological
examination of alluvial, deltaic and coastal core
deposits can be used for the identification and
lateral tracing in the subsurface of prominent
key horizons with distinctive facies characteris-
tics. Based on the geometry of such marker beds
and its comparison with the location of major
tectonic structures and historical/instrumental
records of seismic activity, the aim of this paper

Fig. 1. (A) Study area, structural setting, with location of the Ferrara arc and minor thrust fronts, and the earth-
quake catalogue, with spatial distribution of historical and instrumental earthquakes >Mw 4.5 and >Mw 4.0,
respectively. Section traces of Figs 4, 5 and 7 are also shown. B1 to B4: cores of Fig. 2. (B) Schematic profile
showing the major fold-and-thrust belt structures buried beneath the Po Plain (modified after Picotti & Pazzaglia,
2008; see dashed line in Fig. 1A, for location).
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is to assess patterns of active deformation on
millennial timescales, i.e. below the resolution
of conventional seismic stratigraphy and beyond
the short temporal scales intrinsic to geomor-
phic and palaeoseismic datasets.

GEOLOGICAL SETTING

The northern Apennines ‘thrust and fold’ belt
developed since the Oligocene in the context of
the collision between the European plate and the
Adria plate. The development of the Apennines
foredeep, in particular, has been related to the
eastward rollback of the subducting Adria plate
(Malinverno & Ryan, 1986; Royden et al., 1987;
Doglioni, 1993). The northern Apennines fore-
land basin evolved through a series of successive
regional tectonic phases that led to the progres-
sive outward (north-east) migration of the thrust
and fold belt and related foredeeps (Ricci Lucchi,
1986). The Po Plain–Adriatic foredeep, bounded
by the outermost thrust-propagation folds of the
northern Apennines at its inner margin, and by
the Adriatic foreland ramp at the outer margin,
was affected by active synsedimentary compres-
sional tectonics since the Late Miocene (Ghielmi
et al., 2013). The Quaternary geodynamic evolu-
tion and the tectonic processes active along the
northern Apennines thrust fronts and in the adja-
cent Po–Adriatic foredeep domains have been
analysed and discussed at length by several
authors (e.g. Picotti & Pazzaglia, 2008; Fantoni &
Franciosi, 2010; Bresciani & Perotti, 2014; Gun-
derson et al., 2018).
The geometry of the northern Apennines

accretionary prism consists of three main arcu-
ate thrust systems (Monferrato, Emilia and Fer-
rara–Romagna–Adriatic arcs in Amadori et al.,
2019). The buried thrusts and related fault-prop-
agation folds beneath the modern Po Plain have
been investigated through interpretation of a
dense network of seismic lines and well logs
(Pieri & Groppi, 1981; Picotti et al., 2007; Picotti
& Pazzaglia, 2008; Toscani et al., 2009; Fantoni
& Franciosi, 2010; Ghielmi et al., 2013; Martelli
et al., 2017; Livani et al., 2018; Amadori et al.,
2019). Anticline structures are associated with
ramp overthrusts and are separated by large syn-
clines (Fig. 1B) that record much larger subsi-
dence rates (Carminati et al., 2003; Ghielmi
et al., 2010; Martelli et al., 2017). The Ferrara
arc represents one of the most external struc-
tures of the northern Apennines (Fig. 1A): it has
been tectonically active since the Early Pliocene

to present times (Scrocca et al., 2007; Toscani
et al., 2009; Boccaletti et al., 2011; Maesano
et al., 2015; DISS Working Group, 2018). Dis-
tinct thrust systems belong to the Ferrara arc
(Fig. 1A and B): the Mirandola structure, at the
western edge of the Ferrara arc (Fig. 1A),
includes active seismogenic faults (Bonini et al.,
2014; Govoni et al., 2014; Martelli et al., 2017).
The Longastrino–Argenta thrust system, to the
east (Fig. 1A), received comparatively little
attention (Toscani et al., 2009; Maesano et al.,
2015), although this area was hit by a devastat-
ing earthquake in 1624 (Livio et al., 2014).
The major architectural components of the

Pliocene–Quaternary Po Basin fill stack to form
a two-fold, cyclic hierarchy of: (i) third-order
depositional sequences, separated at the basin
margin by tectonically formed angular unconfor-
mities (Regione Emilia-Romagna & ENI-AGIP,
1998; Regione Lombardia & ENI-Divisione Agip,
2002; Amadori et al., 2019); and (ii) fourth-
order (100 kyr), transgressive–regressive (T–R)
sequences controlled by glacio-eustatic fluctua-
tions (Amorosi et al., 2004, 2008). The younger
successions display progressively lower defor-
mation than older deposits. Distinctive cyclic
alternations of coastal and alluvial facies are the
most prominent feature of T–R sequences. The
youngest two transgressive surfaces, recording
the Last Interglacial and Holocene marine
ingressions, respectively, are best recognized
beneath the modern coastal plain (Amorosi
et al., 2004). The uppermost two T–R sequences,
which cover the MIS 5 to MIS 1 stratigraphic
interval, are the focus of this study.

METHODS

Facies analysis relied on the sedimentological
characterization of 24 sediment cores and strati-
graphic interpretation of 38 piezocone penetra-
tion tests along two transects in the Argenta–
Longastrino area (Fig. 1A). In order to enhance
stratigraphic interpretation, a coring survey was
carried out between May and October 2018, and
four continuous cores (B1 to B4 in Figs 1A and
2), 17 to 40 m long, were investigated in detail.
Cores B1 to B4 were recovered through a con-
tinuous perforating system that guaranteed an
undisturbed stratigraphy and high recovery per-
centages (>90%). Cores were split lengthwise and
described for grain size, colour, organic-matter
content, style of stratigraphic contact (transi-
tional, sharp and erosional), accessory materials
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(vegetation remains, woods, roots, bioturbation,
Fe-Mn oxides, carbonate nodules and pedogenic
features), and faunal content. Pocket penetration
measurements, a quick and inexpensive tool that
may enhance stratigraphic interpretation of fine-
grained Quaternary deposits (Amorosi et al.,
2015), supplied additional information about
geotechnical characteristics of the study units.
Because of the generally poor preservation of sed-
imentary structures, cores were subdivided into
facies associations, rather than sedimentary
facies.
Microfossil associations provide excellent

palaeoenvironmental information for core analy-
sis, far greater than can be obtained from tradi-
tional sedimentological investigations, especially
in mud-prone sedimentary successions. In this
study, palaeontological data, mainly based on for-
aminifera and ostracoda, highlighted subtle
changes in depth, salinity, degree of confinement,
oxygen and food availability in the depositional
environment (e.g. Debenay et al., 2000; Murray,
2006; Barbieri & Vaiani, 2018; Barbieri et al.,
2019). Comparison with spatial distribution pat-
terns of the modern meiofauna helped to define
the boundaries of lithologically homogeneous
facies assemblages and was useful to constrain
and correlate sediment packages on a basin scale
(Campo et al., 2017; Amorosi et al., 2020).
Thirty-three samples were analyzed for character-
ization of facies associations in cores B1 to B4
(Fig. 2). In addition, 89 samples were collected
from Holocene (41 samples) and Last Interglacial
(48 samples) coastal and paralic deposits of cores
204-S3 and 222-S2. These new data were inte-
grated by a review of published palaeontological
analyses from cores 204-S5, 204-S17, 205-S1,
205-S2, 205-S4, 205-S10 and 222-S2 (Amorosi
et al., 2003, 2004, 2005; Geological Map of Italy
Sheet 222 ‘Lugo’).
Stratigraphic correlation relied upon a total of

102 radiocarbon dates (Table S1). The 14C data-
base includes a set of 39 published dates (Preti,
1999; Amorosi et al., 2003, 2005, 2017a, 2020;
Bruno et al., 2019; Geological Map of Italy Sheets
204 ‘Portomaggiore’ and 222 ‘Lugo’) and 63
unpublished radiocarbon dates. Radiocarbon dat-
ing on 49 samples from cores B1 to B4 (Fig. 2)
was performed at KIGAM laboratory (Daejon City,
Republic of Korea) on wood, plant fragments,
peat and shells (Table S1). The calibration of con-
ventional radiocarbon ages was based on the
IntCal13 dataset (Reimer et al., 2013) using OxCal
4.3. (Bronk Ramsey, 2009). Before AMS counting,
organic samples (for example, wood) were pre-

treated with the acid–alkali–acid method in order
to remove CaCO3 and humic-acids contamina-
tion. Shell samples were subjected to HCl etches
to eliminate secondary carbonate component.
Soil and peat samples were treated with 0.5 M

NaOH at 80°C for 2 h to extract humic acid with-
out extraction of the humin fraction. Humic acids
were then collected by adding concentrated
hydrochloric acid to the solution.
Beyond the limits of radiocarbon dating, age

determinations included one sample dated by
optically stimulated luminescence (OSL), along
with two published electron spin resonance (ESR)
dates (samples K-4383 and K-4385 in Ferranti
et al., 2006) coupled with a long-cored pollen pro-
file (core 222-S2 in Geological Map of Italy Sheet
222 – ‘Lugo’). Optically-stimulated luminescence
(OSL) dating from bottom core B1 was carried out
at the Luminescence Dating Laboratory of the
University of Oxford, UK. The sample destined
for OSL dating was recovered during drilling
operations with an Oesterberg cell. A 60 cm core
segment was removed and the exposed top and
bottom parts were then sealed with paraffin. Sub-
sequently, the paraffin caps were removed in a
dark room and the upper and lowermost 5 cm of
the sample were discarded. The innermost part of
the core segment was stored in lightproof contain-
ers. Measurements were performed on small
quartz multigrain aliquots (n = 30) with standard
automated luminescence readers made by Risø
and Freiberg Instruments (Risø Kagaku Corpora-
tion, Tokyo, Japan; Freiberg Instruments GmbH,
Frieberg, Germany) using a double SAR post-IR
blue or post-IR Green OSL measurement protocol.
Dose rate calculations are based on Aitken (1985)
and are derived from the concentrations of
radioactive elements (potassium, rubidium, tho-
rium and uranium) within the sediment sample
(s). These were derived from elemental analysis
by ICP-MS/AES using a fusion sample prepara-
tion technique. The final OSL age estimate
includes an additional 4% systematic error to
account for uncertainties in source calibration
and measurement reproducibility. Dose rate cal-
culations were obtained using dose rate conver-
sion factors of Guerin et al. (2011) and calculated
using the DRAC software (v1.02) developed by Dur-
can et al. (2015). The contribution of cosmic radi-
ation to the total dose rate was calculated as a
function of latitude, altitude, burial depth and an
average over-burden density of 1.9 g cm�3 based
on data by Prescott & Hutton (1994).
Location, data of the event, and magnitude of

historical earthquakes (Fig. 1A and Table S2)
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are from the Parametric Catalogue of Italian
Earthquakes 2015 (CPTI15 in Rovida et al.,
2019). This catalogue, produced by Istituto
Nazionale di Geofisica e Vulcanologia (INGV), is
available via its open-access website (https://emi
dius.mi.ingv.it/CPTI15-DBMI15/index_en.htm).
The CPTI15 includes homogeneous macroseis-
mic and instrumental data and parameters for
Italian earthquakes with maximum intensity
≥5.0 or magnitude ≥4.0 in the period 1000 to
2014 AD. Additional instrumental data were
taken from ISIDe (ISIDe Working Group INGV,
2015). The focal mechanisms of instrumental
events associated with the Ferrara arc are
reported by Martelli et al. (2017).

FACIES ASSOCIATIONS

Eight major facies associations were recognized
from core deposits of the Po Plain (Fig. 3). They
represent alluvial to paralic and nearshore

depositional environments. Characterization of
lithofacies assemblages relied upon combined
sedimentological and palaeoecological core anal-
ysis. For offshore/prodelta deposits, which were
not encountered in the newly drilled sediment
cores B1 to B4, sedimentological description
and interpretation are based on literature data
(Amorosi et al., 2017a, 2019; Bruno et al.,
2017b). Facies associations are described from
proximal to distal locations.

Fluvial-channel facies association

Description
This facies association consists of moderately
sorted, medium to coarse sand bodies (Fig. 3A),
with erosional base, characteristic fining-upward
(FU) trend and generally sharp top. Vertically
amalgamated, multi-storey bodies with faint
traces of unidirectional, high-angle cross-stratifi-
cation are up to 10 m thick (Fig. 2). Near the
base of sets, the sand is coarser and may contain

A C D E F G HB

Fig. 3. Representative core photographs of major facies associations in the study area. (A) Fluvial-channel, coarse-
grained sand (core B1, 29.0 to 29.4 m depth). (B) Distributary-channel medium to fine sand, with fining-upward
trend and shell fragments (core B1, 38.6 to 39.0 m depth). (C) Crevasse silty-sand layer (core B2, 6.5 to 7.0 m depth)
onto floodplain deposits. (D) Varicoloured, well-drained floodplain silt and clay (core B1, 14.4 to 14.9 m depth). (E)
Poorly-drained floodplain silt and clay with organic matter (core B2, 7.2 to 7.7 m depth). (F) Organic-rich, swamp
clay (core B2, 10.3 to 10.8 m depth). (G) Swamp peat (core B2, 17.3 to 17.8 m depth). (H) Lagoonal clay (facies 2) with
abundant Cerastoderma glaucum shells (core B2, 19.2 to 19.7 m depth). Core width in the photographs is 10 cm. For
core locations, see Fig. 1A.
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abundant granules. Finer-grained (silt and clay)
deposits are highly subordinate and thin mud
interbeds locally separate individual sand units.
Wood fragments are locally dispersed. The
meiofauna includes rare fragments of freshwater
ostracods. Individual FU sequences commonly
show upward transition to organic-rich layers
(Fig. 2).

Interpretation
Given the general poor recovery of loose sand in
cores and the inherent difficulty of preserving
sedimentary structures, interpretation of this
facies association is based on the distinctive com-
bination of lithology, style of stratigraphic con-
tacts, body fossils and accessory components.
The erosional lower boundary of this facies asso-
ciation, combined with its thickness, FU trend
and rare presence of freshwater fossils, are all
characteristic features of fluvial-channel deposits.
Thicker, composite channel bodies, resulting
from the amalgamation of individual sand bodies
are interpreted to be part of laterally extensive flu-
vial channel-belts (Amorosi et al., 2017b). The
upward transition to organic-matter rich deposits
indicates abandonment of river channels, proba-
bly occurring in response to avulsion events.

Distributary-channel facies association

Description
This facies association shares some common
characteristics with the fluvial-channel facies
association, such as lithology (sand is domi-
nant), erosional lower boundaries and FU grain-
size trends (core B1 in Fig. 2). This unit is dis-
tinct, however, from the fluvial-channel facies
association by its generally finer grain size
(Fig. 3B) and thickness (invariably <5 m), con-
current with a higher abundance of thin mud
intercalations and drapes, and the common pres-
ence of wood fragments. A diagnostic feature of
this facies association is the local abundance of
marine shell fragments (Fig. 3B). This unit is
commonly associated with, or intercalated
between, organic-rich layers and peats (Fig. 4).

Interpretation
Based on grain size and on the abundance of
shell fragments, this facies association is inter-
preted to represent a high-energy deposit in a
comparatively more distal environment than a
fluvial channel, locally subject to a marine influ-
ence, such as a distributary channel. This inter-
pretation, which is corroborated by recent

mapping of Holocene distributary-channel sys-
tems in the area (Bruno et al., 2019), is also in
good agreement with the abundance of wood
within bar deposits. The relatively lower thick-
ness of this facies association, in contrast to the
fluvial-channel counterpart, suggests a lack of
multi-storied architecture, which is typical of
coastal and delta plains.

Crevasse/lev�ee facies association

Description
This facies association, 0.5 to 3.5 m thick
(Fig. 2), is invariably associated with alluvial
deposits and consists largely of medium to fine
varicoloured sands and silts, alternating in vari-
ous proportions. A common lithofacies consists
of very fine to medium-grained sand layers, a
few decimetres thick, that form thin sand bod-
ies, generally less than 1 m thick, that overlie
thick silt and clay units. Sand bodies may dis-
play either a fining-upward trend, with a sharp
base and gradational top (Fig. 3C), or a coarsen-
ing-upward trend, with gradational lower
boundary and sharp top. This facies association
can exhibit the rhythmical alternation of cen-
timetre-thick layers of very fine sand, silt and
clayey silt, with abundant plant debris and the
presence of rootlets. Sand layers, in this case,
invariably display sharp lower boundaries.

Interpretation
Interpretation of this facies association relies
mostly upon the vertical stratigraphic relation
with alluvial deposits, combined with the com-
mon occurrence of indicators of subaerial expo-
sure (rootlets and plant debris) and a lack of
fossils. Sand bodies with a sharp base and inter-
nal FU trends are interpreted to reflect crevasse-
channel deposits, whereas CU trends and grada-
tional lower boundaries are diagnostic of distal
crevasse splays. Thinly interbedded lithologies
(sand–mud couplets) recording centimetre-scale
units are considered, instead, lev�ee deposits
(Hobday, 1978).

Well-drained floodplain facies association

Description
This facies association, >6 m thick (Fig. 2), is a
monotonous succession of rooted, bioturbated,
and locally hardened silt and clay with highly
subordinate (<10%) sand intercalations. Plant deb-
ris and decomposed organic matter are common
accessory constituents. Yellow, brownish and
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black mottles due to Fe and Mn oxides make this
mud typically varicoloured (Fig. 3D). Horizons
with dark grey, organic-rich clay and silt layers
overlying light grey horizons with calcite nodules
and slickensides, are commonly observed. This
facies association is generally barren or may con-
tain at most a few opercula of freshwater gas-
tropods. Pocket penetration values range between
1.5 kg cm�2 and 6.0 kg cm�2 (Fig. 2).

Interpretation
This facies association is inferred to reflect a low-
energy, continental depositional environment
dominated by suspension fall-out, with highly
subordinate traction processes. Segregation of
iron and manganese oxides as mottles or concre-
tions indicates alternating reducing and oxidizing

conditions during episodic or seasonal water sat-
uration in a vadose zone (Kraus & Aslan, 1993).
Abundant root fragments, preserved undifferenti-
ated organic matter and carbonate concretions
represent common pedogenic features, typical of
weakly developed palaeosols, such as Inceptisols
(Soil Survey Staff, 1999) and as a whole are evi-
dence of subaerial exposure (see next section).
Overconsolidated silt and clay layers, exhibiting
compression values >3.5 kg cm�2, higher than
typically unconsolidated Quaternary deposits,
are likely to reflect secondary consolidation due
to ageing and desiccation and are interpreted as
palaeosols (Amorosi et al., 2015). This facies
association, in general, is inferred to reflect over-
bank fines deposition in a flood basin with a rela-
tively low groundwater table.

Fig. 4. Stratigraphic correlation panel showing deformation of marker horizons M1 to M4 in the Longastrino area
(for location of cores – boxed – and CPTU tests, see Fig. 1). New cores analysed for palaeontology are marked in
red. ESR absolute ages in cores 222-S2 and 205-S10 are from Ferranti et al. (2006). For detailed stratigraphy of
core B1, see Fig. 2. VE, vertical exaggeration.
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Poorly-drained floodplain facies association

Description
This facies association, generally less than 2 m
thick (Fig. 2), consists of soft silt and subordinate
clay, with a uniform grey colour (Fig. 3E). Com-
pared to its well-drained counterpart, this lithofa-
cies assemblage has rare carbonate concretions
and lacks pedogenic features. Concentration of
organic matter is locally observed (Fig. 3E). Shell
fragments of freshwater–oligohaline molluscs,
including Hydrobia and Planorbis, and freshwa-
ter ostracods, such as Candona and Ilyocypris,
can be abundant. Pocket penetration tests gener-
ally record poor consolidation, with values in the
range of 0.9 to 2.3 kg cm�2 (Fig. 2). This facies
association is vertically associated with organic-
rich layers and swamp peats (Fig. 2).

Interpretation
The homogeneous grey colour, a lack of brownish
and yellowish alteration colours and local associa-
tion with organic-rich layers suggest that deposi-
tion of this facies association took place in a
poorly-drained flood basin with lack of oxidation
and with a high groundwater table. Useful keys for
discrimination of this facies association are the
lack of palaeosols and the low compression val-
ues: both features, along with the occurrence of
freshwater fossils, suggest sedimentation in topo-
graphically low, frequently submerged deposi-
tional environments with only very short phases
of subaerial exposure, such as ephemeral ponds
and swamps (Guccione et al., 2009). Poorly
drained conditions and waterlogging likely pre-
vented the formation of soils and indurated layers.

Swamp facies association

Description
This facies association, up to 10 m thick (Fig. 2), is
composed of very soft, grey to dark grey clay, with
an abundance of wood and plant debris that can be
scattered or concentrated in discrete horizons
(Fig. 3F). Dark brownpeat-rich intervals,with sub-
ordinate clay material, are commonly observed
(Fig. 3G). Freshwater ostracods, including Can-
dona and Pseudocandona, and subordinate Ily-
ocypris typify this facies association. Pocket
penetration values are generally low and range
between0.2 kg cm�2 and1.5 kg cm�2 (Fig. 2).

Interpretation
This facies association records deposition of
fine-grained sediment and organic matter in a

stagnant, freshwater environment that received
abundant organic detritus. Black to dark grey
colours owe their origin and distinctiveness to
finely disseminated organic matter, and possibly
iron sulphide, darkness being a function of high
amounts of organic carbon. The fossil content
suggests that this lithofacies assemblage formed
in semi-permanently flooded wetlands (Salel
et al., 2016; Campo et al., 2017), as part of inner
estuarine or upper delta plain environments
(Amorosi et al., 2017a; Bruno et al., 2019).

Lagoon/bay facies association

Description
This facies association is up to 6 m thick (Fig. 2)
and typically associated with swamp deposits. It
consists of thoroughly bioturbated, highly fossil-
iferous grey silty clay and clay, with rare vegetal
remains, and it lacks oxides and carbonate con-
cretions. Mollusc shells are mostly represented
by Cerastoderma glaucum (Fig. 3H), but Abra
segmentum, Loripes orbiculatus and Ecrobia
ventrosa are commonly encountered (Scarponi
et al., 2017). Based on combined lithological
and palaeoecological attributes, three sedimen-
tary facies were distinguished. Facies 1 is a
homogeneous grey clay with abundant organic
debris and wood fragments, dominated by the
benthic foraminifera Trochammina inflata.
Facies 2 is a highly fossiliferous, homogeneous
grey clay (Fig. 3H), with scattered wood frag-
ments and an abundance of the ostracod Cypri-
deis torosa and benthic foraminifera Ammonia
tepida, Ammonia parkinsoniana and Haynesina
germanica. Facies 3 includes thinly bedded
(<3 cm), sharp-based alternations of normal
graded fine sand and clay, with abundant mol-
lusc fragments concentrated at the base of indi-
vidual sand layers. The meiofauna exhibits a
high species diversity, with the dominance of
Ammonia tepida and Ammonia parkinsoniana
and the occurrence of poorly preserved, lagoon
to shallow-marine foraminifera (for example,
Aubignyna perlucida, Porosononion granosum,
Miliolinella spp. and Quinqueloculina semi-
nula). Pocket penetration tests yielded values in
the range of 0.2 to 1.0 kg cm�2 (Fig. 2).

Interpretation
In the Po River system, freshwater/hypohaline
deposits transform seaward to a wide range of
facies typical of brackish environments behind a
barrier complex, as part of an outer, wave-domi-
nated estuary or a lower delta plain (Amorosi
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et al., 2017a, 2020; Bruno et al., 2017b). The fos-
sil content of this facies association clearly indi-
cates a depositional environment fed by mixed
marine and fluvial water sources in a microtidal
regime (Scarponi et al., 2013). Based on the
diagnostic meiofauna, facies 1 is believed to
reflect an inner lagoon sub-environment (Debe-
nay & Guillou, 2002). The brackish oligotypic
fauna of facies 2, able to tolerate frequent
changes in salinity, is a reliable indicator of a
permanently submerged, semi-enclosed brack-
ish-water basin subject to salinity variations,
such as a central lagoon sub-environment (Bar-
bieri & Vaiani, 2018). Relatively open, brackish
to marine conditions are recorded by the hetero-
lithic facies 3 (Debenay et al., 2000). Sand–mud
alternations with a transported shallow-marine
meiofauna are interpreted to reflect the distal
fringe of a flood-tidal delta or a washover fan.

Beach-barrier facies association

Description
This facies association is poorly represented in
cores B1 to B4 (Fig. 2). It consists of well-sorted,
fine to coarse sand and is typified by a highly
diversified marine fossil assemblage, with an
abundance of fragmented marine mollusc shells
(mostly Donax and Lentidium mediterraneum).
Foraminifera and ostracoda are generally
abraded and grain-size sorted: they consist pre-
dominantly of Ammonia beccarii, Elphidium
spp. and Pontocythere turbida. Sedimentary
structures are poorly preserved. Mud layers are
extremely rare.

Interpretation
The characteristic sandy deposit (i.e. lack of
mud) and the variety and abundance of mollusc
shells associated with a typically shallow-mar-
ine microfauna, all point to a high-energy,
coastal palaeoenvironment, such as a beach bar-
rier. The mixture of nearshore species and the
common occurrence in the meiofauna of poorly-
preserved and size-selected specimens suggests
hydraulic sorting by waves and longshore cur-
rents. Poor preservation of sedimentary struc-
tures precludes a clear differentiation between
distinct sedimentary facies. However, finer-
grained sand with fewer (and smaller) body fos-
sils is interpreted to represent lower shoreface
deposits, whereas medium-coarse sand with an
abundance of shells is considered to be upper
shoreface or foreshore deposits. Oligotypic
assemblages of Lentidium mediterraneum

indicate river-influenced (mouth bar) settings
(Scarponi et al., 2017).

Offshore/Prodelta facies association

This facies association, which is not represented
in cores B1 to B4, has been widely described
from other cores in the area (Amorosi et al.,
2019). It consists of interlayered, millimetre to
centimetre-thick grey silt to clay couplets, with
highly subordinate, sharp-based sand layers
(sand proportion is <2%). In facies 1, muds are
moderately to heavily bioturbated and have a
mottled texture. Primary sedimentary structures,
such as small wave ripples, are locally pre-
served. The foraminiferal assemblage exhibits
high species diversity, with variable amounts of
A. parkinsoniana, A. tepida, Aubignyna perlu-
cida, Cribroelphidium spp., Elphidium spp.,
Textularia spp. and a variety of miliolids,
accompanied by subordinate hyaline epiphytic
taxa. The ostracod fauna includes large amounts
of Semicytherura spp. and Loxoconcha gr. rhom-
boidea, along with Cytheridea neapolitana, and
Pontocythere turbida. In facies 2, muds are
finely laminated, with low bioturbation levels
and commonly abundant plant and other
organic matter. Occasional thin-bedded interca-
lations of very fine to fine sand, with sharp base
and FU trend, are observed. The meiofauna is
dominated by opportunistic foraminifer and
ostracod species, such as A. parkinsoniana,
A. tepida, A. perlucida, N. turgida, P. gra-
nosum, Palmoconcha turbida and Leptocythere
ramosa.

Interpretation
Clay-sized material, paucity of sand and an
abundance of marine fossils clearly reflect sedi-
mentation in a low-energy, shallow-marine envi-
ronment, below fair-weather wave base. In facies 1,
high bioturbation levels indicate intense bio-
genic activity under conditions of low sedimen-
tation rates. An offshore environment is
suggested by highly diversified assemblages and
by the common occurrence of open-marine taxa
(i.e. Textularia spp. and Cytheridea neapolitana)
that indicate the deepest water depths in the
study area (Rossi & Vaiani, 2008; Rossi, 2009;
Dasgupta et al., 2020). The local abundance of
A. tepida and A. perlucida provides evidence
for a temporary increase in fluvial influence
(Jorissen, 1988; Goineau et al., 2011). In facies 2,
low bioturbation levels and a meiofauna able to
tolerate stressed marine conditions, including
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high nutrient flux and turbidity (Jorissen et al.,
2018; Barbieri et al., 2019), suggest sedimenta-
tion in a prodelta environment, in front of a
river mouth. Local abundance of Nonionella tur-
gida documents ample food availability and oxy-
gen deficiency at the sea bottom (e.g. Van der
Zwaan & Jorissen, 1991), which are indicative of
a distal prodelta or a mud belt setting. Abundant
plant material suggests derivation from land
(e.g. Bohacs et al., 2014), whereas thin sand–silt
couplets with a sharp base and FU trend are
interpreted to reflect river-generated hyperpyc-
nal flows (Bhattacharya & MacEachern, 2009;
Schieber, 2016).

KEY STRATIGRAPHIC MARKERS

High-resolution stratigraphic data for the study
area are presented on two cross-sections (Figs 4
and 5), where stratigraphic logs and piezocone

penetration tests have average spacing of ca
1000 m. To identify diagnostic marker horizons
in the study succession and track them in the
subsurface, sediment core stratigraphy was eval-
uated according to eight criteria: sedimentary
characteristics; palaeontological content; age;
geotechnical properties; stacking patterns of
facies; lateral facies variations; stratigraphic
position relative to other marker beds; and
sequence-stratigraphic significance (Amorosi
et al., 2017a). Stratigraphically distinct key hori-
zons of regional significance were found at five
correlatable levels (M1 to M5 in Figs 2, 4 and 5).
Three of these (M1, M4 and M5) formed in a
low-gradient coastal environment and thus rep-
resent almost flat surfaces at the time of deposi-
tion. Precise chronological constraints to
markers M2 to M5 derive from a total of 102
radiocarbon dates (Table S1).
Although individual key beds can be clearly

identified on a regional scale, they are not

Fig. 5. Stratigraphic correlation panel showing deformation of marker horizons M2, M3 and M5 in the Argenta
area (for location of cores – boxed – and CPTU tests, see Fig. 1). New cores analysed for palaeontology are marked
in red. For detailed stratigraphy of cores B2, B3 and B4, see Fig. 2. VE, vertical exaggeration.
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ubiquitous and were not observed in all cores.
For example, lagoonal horizons may grade
locally into swamp or beach-barrier facies asso-
ciations. On the other hand, weakly developed
palaeosols formed onto silty and clayey (flood-
plain) substrates, whereas they were not
observed onto coeval sandy crevasse and lev�ee
deposits.
For simplicity, stratigraphic markers will be

subsequently denoted in chronological order.

Marker M1: Last Interglacial (MIS 5e) beach
deposits

Last Interglacial (MIS 5e) beach-barrier deposits
(marker M1) form a fossiliferous sand body of
regional significance, 10 to 15 m thick, that
extends continuously in south–north direction,
parallel to the shoreline, and about 40 to 50 km
along dip (Amorosi et al., 2004; Campo et al.,
2020b). This wedge-shaped sediment body
formed in just a few thousand years in response
to coastal progradation, when global mean sea-
level reached a peak of 5 to 9 m above present-
day sea level, during the MIS 5e highstand
(O’Leary et al., 2013).
The MIS 5e coastal wedge can be easily iden-

tified in core data, because it is a shell-rich sand
body (Fig. 6A) sandwiched between non-marine
deposits (Campo et al., 2020b). Although this
sand body accumulated in a variety of coastal
sub-environments that may span several metres
in depth along the coast profile, marked differ-
ences in depth make it an excellent stratigraphic
marker at the basin scale (Fig. 4). Chronological
constraints to MIS 5e arise primarily from the
following features:

1 Detailed pollen profiles from core 222-S2
(Geological Map of Italy – Sheet 222 ‘Lugo’)
and other pollen spectra from the same area
(Amorosi et al., 2004) provide a clear MIS 5e
age attribution to Marker M1 (Fig. 4). The base
of MIS 5e deposits, in particular, is marked by
a major peak in pollen concentration, associ-
ated with an abrupt upward increase in mixed
deciduous broad-leaved vegetation, dominated
by Quercus, and a concomitant decrease in
Pinus and shrubby–herbaceous communities
(Amorosi et al., 2004). A similar signal has
been reported from several European pollen
series (Helmens, 2014).
2 Two ESR absolute ages obtained from mar-

ine mollusc shells of cores 222-S2 and 205-S10

(Ferranti et al., 2006 – Fig. 4) agree with an MIS
5e age assignment.
3 Marker M1 is the first marine deposit

encountered below the Holocene succession: its
stratigraphic position thus is consistent with an
age attribution to the Last Interglacial.
4 Vertical patterns and the spatial distribution

of depositional systems above Marker M1 invari-
ably denote the presence of a thick alluvial suc-
cession with no intervening brackish or marine
deposits, which is in good agreement with sedi-
mentation during a prolonged phase of general-
ized sea-level drop (MIS 4-2 interval).

In the rapidly subsiding Po Basin, the top of
marker M1 commonly occurs at depths of 90 to
110 m (Fig. 4). In sharp contrast, Pleistocene
sands containing a marine microfauna were
identified in this study from the Longastrino
area, at depths of just 40 m (cores 204-S3 and
205-S1 in Fig. 4). In core B1, an OSL date from
a distributary-channel deposit just above the
marine sands yielded an age of 85 � 10 kyr BP

(Fig. 4), consistent with an MIS 5a to MIS 5c
age attribution. It is remarkable that MIS 5a to
5c deposits in core 222-S2 are considerably dee-
per than coeval units in core B1 (Fig. 4).
Given that the MIS 5e nearshore sand body

provides a reasonably accurate assessment of
palaeo-sea-level position with an uncertainty
<8 m (Ferranti et al., 2006), the Longastrino
ridge between cores 204S3 and 205S1 accommo-
dates 40 to 60 m of vertical separation from anti-
cline to syncline positions (Fig. 4).

Markers M2 and M3: Upper Pleistocene
palaeosols (29 to 24 cal kyr BP and 13 to
11 cal kyr BP)

Two pedogenically modified horizons of Late
Pleistocene age (M2 and M3 in Figs 4 and 5)
represent key stratigraphic markers across the
upper Quaternary succession of the Po Plain,
because of their basin-wide occurrence and very
high correlation potential (Morelli et al., 2017;
Amorosi et al., 2017b). These weakly developed
palaeosols, which are part of the well-drained
floodplain facies association, exhibit distinctive
A-Bk, A-Bw or A-Bk-Bw profiles (Inceptisols)
that make them easily recognizable in cores
within the thick non-marine Upper Pleistocene
succession (Fig. 6B and C). Soil profiles are
typified by: (i) topmost dark grey/black (‘A’)
horizons, with no reaction to hydrochloric acid,
that reflect accumulation of organic matter and
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leaching of CaCO3; (ii) lower, light grey, Ca-en-
riched (‘Bk’) horizons, with yellow-brownish
mottles due to Fe and Mn oxides, that indicate
fluctuating redox conditions with iron dissolu-
tion and redeposition (Fig. 6B and C). Soil lay-
ers with subtle evidence of weathering (for
example, oxidation, root traces and reaction to
HCl) were interpreted as ‘Bw’ horizons.
Markers M2 and M3 have clear sequence-

stratigraphic significance: marker M2 represents
the sequence boundary of the Last Glacial Maxi-
mum depositional sequence (Amorosi et al.,
2017b), whereas top marker M3 is the transgres-
sive surface (Amorosi et al., 2017a). These two
palaeosols are also clearly identified by their
geotechnical properties, as they both represent
well-indurated horizons with high compression
values, between 3.5 kg cm�2 and 6.0 kg cm�2

(Fig. 2). The diagnostic geotechnical signature of
these stiff layers was also recognized through
the analysis of piezocone penetration tests
(Amorosi & Marchi, 1999).
Palaeosols M2 and M3 have been chronologi-

cally anchored to temporally discrete palaeocli-
matic events that coincide with rapid shifts
from relatively warm to colder phases (Bruno
et al., 2020). In particular, M2 caps a set of
closely-spaced, weakly developed palaeosols
(Fig. 6B) and spans approximately 29 to
24 kyr BP. It is interpreted to reflect a phase of
stepped channel entrenchment that took place
across the MIS 3/2 transition, culminating at the
onset of the Last Glacial Maximum (Amorosi
et al., 2017b). Palaeosol M3 was formed, instead,
around the Pleistocene–Holocene boundary (13
to 11 cal kyr BP) and correlates, in particular, to

A B C D

Fig. 6. Representative core photographs of key stratigraphic horizons M1 to M5: (A) Last Interglacial (MIS 5e)
lower shoreface (beach-barrier) fine sands, with abundant mollusc shells (marker M1: core 223-S12, 117 to 118 m
depth – from Amorosi et al., 2004); (B) vertically stacked, multiple Upper Pleistocene Inceptisols (marker M2: core
B1, 15 to 19 m depth) and their related soil horizons ‘A’, ‘Bw’ and ‘Bk’; (C) Inceptisol marking the Pleistocene–
Holocene boundary (marker M3, and related soil horizons ‘A’ and ‘Bk’), overlain by a thick swamp peat interval
and Cerastoderma glaucum-rich lagoon grey clay (marker M5) (core B2, 20 to 23 core depth); (D) bioturbated,
lagoonal (facies 3) clay-sand alternations (marker M4: core B1, 12 to 14 m depth). Core bottom is lower right cor-
ner. Core width in the photographs is 10 cm. For core locations, see Fig. 1A.
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the short-lived Younger Dryas cold event. Corre-
lation of markers M2 and M3 relies on radiocar-
bon-dated bulk-sediment samples from
palaeosols and on wood and peat from the over-
lying and underlying overbank facies.
Palaeosols M2 and M3 exhibit large differ-

ences in depth across the study area, in the
range of 10 m (M3) to 15 m (M2) (Figs 4 and
5). In the Longastrino area, close to core B1
(Fig. 5), the folding of M2 and M3 coincides
with the underlying deformation of the coastal
marker M1 (Fig. 4). The relatively short-lived
exposure age of palaeosols M2 and M3 result-
ing from 14C ages (<5000 years – Figs 4 and 5)
allows their approximation to isochronous
surfaces and their use as powerful (quasi-
synchronous) chronostratigraphic indicators.
However, palaeosols M2 and M3 may reflect
irregular palaeo-reliefs, which represents a
main limitation on their use to quantify strata
deformation.

Markers M4 and M5: Holocene lagoon
deposits (8.6 to 8.3 cal kyr BP and 6.2 to
5.6 cal kyr BP)

Transgressive deposits of Early–Middle Holo-
cene age (swamp and lagoon facies associations)
include stacked peat layers and fossiliferous
horizons with a high correlation potential,
formed in inner-estuarine to delta-plain environ-
ments (Amorosi et al., 2017a; Bruno et al.,
2017b, 2019). Two well identifiable lagoon hori-
zons (M4 in Fig. 4 and M5 in Fig. 5), 1 to 3 m
thick, were selected as Holocene marker beds.
These key stratigraphic horizons are typified by
a distinctive brackish meiofauna and appear to
be tilted and/or folded in the Argenta–Longas-
trino area (Fig. 1), with differences in elevation
up to 10 m (Figs 4 and 5).
Stratigraphic markers M4 and M5 record a

marked lateral facies variability, with distinct
changes in lithofacies characteristics and fossil
associations. They provide, in particular, robust
signals of brackish sub-environments in a
microtidal (<1 m) setting (see previous section).
Therefore, they represent excellent indicators of
the mean sea-level (with an uncertainty of 2 m –
Scarponi et al., 2013). Due to their limited thick-
ness, they approximate almost perfect horizontal
surfaces at the time of deposition. Marker beds
M4 and M5 yielded consistent calibrated ages of
8.6 to 8.3 kyr BP (M4) and 6.2 to 5.6 kyr BP (M5),
respectively, from basal peats, wood and shell
samples.

SEISMIC STRATIGRAPHY

Detailed reconstruction of deep stratal architec-
ture in the study area was carried out through the
interpretation of 95 two-dimensional seismic pro-
files from the ENI s.p.a. database, after calibration
with 45 well logs available online at https://un
mig.mise.gov.it/. Analysis and interpretation of
seismic profiles focused on the identification of
major angular unconformities and their correla-
tive conformities (Vail et al., 1997).
The main tectonic structures in the subsurface

of the Po Plain are well imaged by seismic lines
with SSW–NNE orientation, i.e. perpendicular
to the strike of major thrusts and anticlines
(Fig. 7A). Three basin-scale unconformity-
bounded units were identified and classified,
based on their geometry and on seismic-reflector
terminations: (i) a basal pre-tectonic unit show-
ing parallel seismic reflectors, faulted and folded
in the hangingwall; (ii) an intermediate, highly
deformed and wedge-shaped syntectonic unit,
with seismic reflectors converging towards the
culmination of thrust-related anticlines; and (iii)
an upper unit with basin-wide occurrence, drap-
ing the whole succession and sealing the buried
thrust fronts (Picotti & Pazzaglia, 2008 –
Fig. 7A). Based on palaeontological (foramini-
fera and nannoplankton) data available from
well-log descriptions, the unconformities that
separate these units were assigned to the Messi-
nian and Early Pleistocene (Calabrian), respec-
tively.
According to the ENI stratigraphy (Ghielmi

et al., 2013; Amadori et al., 2019), the ‘post-tec-
tonic’ unit includes two formations (Fig. 7): Car-
ola Formation, of Early Pleistocene age, and
Ravenna Formation, of Middle Pleistocene–
Holocene age. Within the Ravenna Formation,
two unconformities, identified on the basis of
well log correlation and dated approximately to
0.87 Myr and 0.4 Myr (Regione Emilia-Romagna
& ENI-AGIP, 1998), respectively, mark the lower
boundaries of two minor unconformity-bounded
stratigraphic units: Lower Po Synthem and
Upper Po Synthem (Amorosi et al., 2008 –
Fig. 7A), also referred to as ‘AEI’ and ‘AES’
(Regione Emilia-Romagna & ENI-AGIP, 1998) in
the Geological Map of Italy to 1 : 50 000 scale.
The reader is referred to these studies for
detailed description of such units.
Cross-sectional stratal geometries and seismic

reflection terminations were used to isolate stratal
discontinuities in the study area. Near-horizontal
reflectors with planar onlap terminations onto the
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lower bounding unconformity are recurrent fea-
tures in the Carola Formation, at relatively south-
ern locations (Fig. 7B). In contrast, south-west of
the structural culminations, onlapping reflectors
of the upper Carola and Ravenna formations show
distinctive inclined geometries, suggesting that
they were tilted by the growth of the Longastrino
anticline (Fig. 7C). Seismic resolution decreases
dramatically in the upper Ravenna formation,
where the stratigraphic discontinuity at the base
of the Lower Po synthem is gently deformed,
whereas the base of the Upper Po Synthem seem-
ingly appears as an undisturbed flat surface and
can hardly be tracked onto the structural high
(Fig. 7A).

CAN FOLDING OF BURIED
STRATIGRAPHIC MARKERS REVEAL
LOCI OF ACTIVE TECTONIC
DEFORMATION?

Robust evidence of folding of laterally extensive
key horizons M1 to M5 from the subsurface of
the Po Plain enables the reconstruction of a
coherent, high-resolution record of Last Inter-
glacial to Recent deformation at the sub-seismic
scale, focused in the Argenta-Longastrino area
(Figs 1, 4 and 5). To test for possible links
between shallow deformation of stratigraphic
markers M1 to M5 and active tectonics in the
area, the stratigraphic cross-sections of Figs 4

Fig. 7. Interpreted seismic profile in the Longastrino area (section trace in Fig. 1), showing major tectonic struc-
tures and stratal geometries across the Po basin fill. (A) Seismic stratigraphy of the presumed ‘post-tectonic’ unit.
(B) Near-horizontal onlap terminations of the Carola Formation onto the highly deformed Miocene substrate. (C)
Onlap terminations folded into a gentle anticline and tilted by the growth of the active thrust front. TWT = two-
way traveltime.
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and 5 were plotted against the depth map of the
boundary between Lower and Upper Po Syn-
thems (AEI/AES boundary in the Geological
Map of Italy – Fig. 8A). This stratigraphic dis-
continuity, which is not clearly imaged on seis-
mic profiles (Fig. 7A), represents the youngest
(ca 0.4 Myr) deformed horizon mapped in the
eastern Po Basin, so far (Martelli et al., 2017). In
order to emphasize the use of facies analysis
and high-resolution stratigraphy as an aid in the
recognition of deformation patterns, a map of
the depth of top marker M1 was also con-
structed (Fig. 8B).
The spatial overlap between: (i) the deforma-

tion of the 0.4 Myr unconformity (Fig. 8A); (ii)
the deformation of top marker M1 (Fig. 8B); (iii)
the anticline culminations of markers M2 to M5
(Figs 4 and 5); and (iv) earthquake locations
(Fig. 8A) is apparent and provides some support
for the hypothesis that part of the folding affect-
ing the sedimentary units along the Argenta–
Longastrino ridge could be the result of earth-
quakes. Historic sources indicate that earth-
quakes took place in the Po Plain along the
Ferrara–Romagna arc since the Roman Period
(Stefani et al., 2018). The surface distribution of

historical earthquakes points to clustered seis-
micity around the Mirandola, Ferrara, Argenta
and Longastrino ridges (Figs 1A and 8A). Apart
from the two major events in the epicentral area
of the 2012 seismic sequence (close to Miran-
dola), historical and instrumental catalogues
report 20 earthquakes with Mw > 4.5 (Table S2),
but earthquakes greater than magnitude 5 are
rare in the region (Fig. 1A). Historical data indi-
cate that the nearest recent notable earthquakes
occurred near Ferrara (Mw = 5.44) and Argenta
(Mw = 5.43 – Fig. 8A). These earthquakes
date back to 1570 and 1624, respectively. The
focal mechanisms of all instrumental events
associated with the Ferrara arc show prevalent
reverse and reverse–oblique kinematics, with P-
axes nearly perpendicular to the average struc-
tural trend (Lavecchia et al., 2012).
The deformation of marker horizons M1 to M5

in the Argenta–Longastrino region (Figs 4 and 5)
is remarkably coincident with the axis of the
buried ramp anticline (Figs 7A and 8). Punctu-
ated co-seismic activity was likely followed by
post-seismic relaxation and prolonged periods of
inter-seismic locking, during which sedimenta-
tion overwhelmed tectonics (Carminati et al.,

Fig. 8. Subsurface geology of the study area: (A) Depth map of the Lower/Upper Po Synthem boundary (0.4 Myr
unconformity – from Martelli et al., 2017) and the earthquake catalogue of Fig. 1A. (B) Contour map of the top of
Marker M1 (125 kyr – MIS 5e – coastal sand body); dots represent the stratigraphic dataset. The areas where
antiformal geometries of marker horizons M2 to M5 are best observed, around cores B1 (Fig. 4) and B3 (Fig. 5),
coincide spatially with the same structural culmination north of Argenta and Longastrino.
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2010), restoring flat topographic conditions in
the alluvial plain (Bruno et al., 2019). However,
the deformation inferred from stratigraphic anal-
ysis might reflect complex interplay of slip along
the buried thrust and associated ramp anticline
uplift, as well as differential sediment com-
paction and loading. Since the anticlinal culmi-
nation pre-dates the studied succession, the
deformation could have been enhanced by sedi-
ment compaction in the syncline successions,
where highly compressible, swamp (peat-rich)
deposits are thicker (Fig. 5).
Partitioning precisely the entire deformation

budget into its components: (i) tectonics, i.e.
uplift of the anticline crest and foreland subsi-
dence; and (ii) compaction, i.e. subsidence due
to porosity reduction, is problematic and largely
beyond the scope of this paper (see Scrocca
et al., 2007, and Bresciani & Perotti, 2014, for
reconstruction of relative uplift rates from the
adjacent Mirandola and other Po Plain buried
anticlines). Comparing the geometry of marker
horizon M1 with that of M2 to M5 markers
could help with separating the relative effects of
subsidence and anticline crest uplift, although
reliable quantification would require a larger
dataset.
In summary, several lines of evidence from

different fields (core stratigraphy, seismic strati-
graphy, structural geology and seismology) sug-
gest that folding of laterally continuous strati-
graphic markers across the Argenta–Longastrino
ridge could be, in part at least, the manifestation
of active tectonic deformation. Supporting evi-
dence for tectonically induced deformation can
be summarized, as follows:

1 The areas where MIS 5e to MIS 1 strati-
graphic markers exhibit clear antiformal geome-
tries (Figs 4 and 5) are strikingly coincident
with the epicentres of historic and instrumental
seismicity dating back to the last five centuries
(Fig. 8A).
2 Deformation of marker horizons M1 to M5

across the Argenta–Longastrino ridge (Figs 4 and
5) shows strong correspondence with the loca-
tion of major thrust fronts inferred indepen-
dently from prior geophysical investigations
(Figs 1 and 8).
3 Thrust-related folding of Middle Pleis-

tocene–Holocene marker beds M1 to M5 coin-
cides spatially with the deformation of Lower
Pleistocene seismic onlap terminations that else-
where in the basin exhibit typical near-horizon-
tal geometries (Fig. 7).

Although precise 3D control on facies archi-
tecture is not available, the spatial distribution
of depositional systems outlined in this work
(Figs 4 and 5) also suggests a strong influence of
the underlying tectonic structures on sedimenta-
tion. Beach-barrier systems, for example, are
abruptly replaced landward (to the south-west)
by unusually thick lagoon deposits, just above
the Longastrino ridge (Fig. 4). This stratigraphic
configuration suggests a morphological (possibly
tectonic) control on the Early Holocene (south-
west-directed) shoreline retrogradation and sub-
sequent (north-east-directed) progradation. A
similar control could be envisaged for Upper
Pleistocene swamp/poorly-drained floodplain
deposits sandwiched between alluvial facies
(Fig. 5): the remarkably lenticular geometry of
this wetland depositional system, which thick-
ens in the syncline and wedges out onto the
structural high, suggests that paludal environ-
ments occupied the lowest position in the land-
scape, as an effect of a possibly growing, active
structure to the south-west.
Further progress is required to constrain the

spatial distribution of syndepositional deforma-
tion. There is a need, in particular, for compre-
hensive subsurface mapping of the most
prominent stratigraphic markers (M2 to M5).
Beyond the Po Plain, the facies-based

approach shown in this paper appears to be
broadly applicable to upper Quaternary alluvial,
deltaic and coastal systems from other active
tectonic regions, where the contribution of high-
resolution stratigraphic studies to unravel tec-
tonic deformation has been neglected. In partic-
ular, tracking deformation across Upper
Pleistocene–Holocene sediment packages on a
millennial timescale can bridge the gap between
the analysis of long-term (basin-scale), steady-
state tectonics acting on 105 to 107 year time
periods, and short-term (fault-controlled) defor-
mation primarily developed on 100 to 102 year
timescales.

SUMMARY AND OUTLOOK

Assessing the seismogenic potential of fault sys-
tems beneath alluvial and coastal plains is com-
monly hindered, especially in actively subsiding
basins, by the lack of surface signatures and topo-
graphic relief. In such areas, where active tecton-
ics has a poor geomorphic expression and thick
Quaternary sedimentary covers preclude calcula-
tions of uplift rates, only loosely constrained
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inferences on the surface propagation of tectonic
deformation are generally available.
This paper has shown that high-resolution

core-based stratigraphy in the 14C, optically
stimulated luminescence (OSL) and electron
spin resonance (ESR) time windows, used in
conjunction with conventional seismic stratigra-
phy can represent a powerful tool to assess a
decipherable record of near-surface tectonic
deformation. The notable deformation of the
Last Interglacial (MIS 5e) nearshore sand body
and of a series of prominent stratigraphic mark-
ers of Late Pleistocene–Holocene age across
structural lineaments of the southern Po Plain
correlates closely with seismic observations and
historic/instrumental earthquake data. Detailed
analysis of seismic-reflector terminations from
the Carola Formation shows clear evidence of
syn-tectonic deformation (onlap deformation,
decreasing thickness and converging reflectors
towards growing anticlines) close to targeted
faults. In general, Quaternary deformation is
clearly reproducing the general pattern of bed-
rock folds.
Stratigraphic markers of distinct ages and

belonging to different facies associations, were
examined: (i) beach-barrier deposits (marker M1)
dated to MIS 5e (about 125 kyr BP); (ii) two
Upper Pleistocene palaeosols (markers M2 and
M3), assigned to the MIS 3/2 transition (29 to
24 cal kyr BP), and to the Younger Dryas cold
spell (13 to 11 cal kyr BP), respectively; and (iii)
two Holocene lagoon horizons (M4 and M5),
dated to 8.6 to 8.3 cal kyr BP and 6.2 to
5.6 cal kyr BP, respectively.
Beach-barrier and lagoon/outer estuary hori-

zons are the most sensitive indicators of post-
burial deformation, because they represent
approximately horizontal surfaces at the time of
deposition that can be delineated objectively
over large portions of the basin. Brackish depos-
its, in particular, can be easily ascertained on
the basis of refined palaeontological criteria and
readily differentiated from adjacent freshwater
(swamp/inner estuary) and coastal deposits.
The subsurface stratigraphic approach set out

in this study, based on a strongly constrained
chronological framework, is widely applicable to
Upper Pleistocene and Holocene successions of
densely populated lowlands worldwide, where
the record of past seismic events is no longer
prominent in the flat morphology. In such
regions, reconstructing the shallow stratigraphy
through a combined sedimentological and
palaeoecological analysis can delineate areas of

possible active tectonic deformation beyond the
limits of geomorphological and palaeoseismic
records.
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