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A B S T R A C T

Sequence stratigraphic concepts have a variety of applications well beyond hydrocarbon exploration. Through
coastal plain-to-shelf stratigraphic correlation of Last Glacial Maximum deposits from the Central Adriatic area,
we tested a source-to-sink approach for exploring offshore groundwater reserves stored within the lowstand
systems tract. Above an erosional unconformity (sequence boundary) formed at the Marine Isotope Stage 3–2
transition in response to sea-level fall, lowstand fluvial gravel-sand bodies, up to 20 m thick, can be tracked
continuously downstream, from the coastal-plain paleovalleys to the shelf, 30 km away from the modern
shoreline. The LST is overlain by a mud-dominated wedge (TST + HST) made up of alluvial, estuarine and delta
plain deposits in lateral transition to thick shallow-marine and prodelta clay successions.
Using three catchment-to-shelf transects, 35–70 km long, we document the separation between potential

reservoir/aquifer units (LST), primarily made of coarse-grained (porous) deposits, and the overlying, laterally
continuous seal (TST + HST), which mainly includes fine-grained (low permeability) estuarine to marine sedi-
ments. Thickness maps of reservoir/aquifer and seal units provide a three-dimensional view of the stratigraphic
architecture and of accumulation patterns at the systems tract scale. Lowstand fluvial deposits spread across a
5600 km2 wide area of the western Central Adriatic shelf, with average thickness of about 10 m. North of the
Meso-Adriatic Deep (MAD), two major depocenters, up to 60 m thick, reflect the local highest fluvial sediment
load that correlates, further offshore, to the lowstand Po Delta. West of the MAD, LST deposits, up to 25 m thick,
were nourished by Apennine rivers. In the southern area, lowstand deposits are <10 m thick. The LST is overlain
across the entire western Central Adriatic shelf by an up to 80 m-thick succession of TST + HST fine-grained
deposits.
A first assessment of sediment volumes provides a value of 130 km3 for TST + HST and 57.2 km3 for LST.

Sediment provenance analysis delineates the contribution to the shelf of individual detrital sources (Apennine
rivers from the west, Po River from the north), offering a powerful tool in quantifying sediment fluxes (about 52
km3 from the Apennines catchments and 5 km3 from the lowstand Po system).
As a whole, the application of sequence stratigraphic concepts led, for the first time, to the identification of a

potential groundwater reservoir stored beneath the western Central Adriatic shelf. This LST aquifer possibly
contains about 13.85 km3 of groundwater (the salinity of which is unknown), and is vertically confined by a
thick, low-permeability unit (i.e., TST + HST) that might have prevented salt-water intrusion into the underlying
aquifer. The documented stratigraphic continuity likely makes this offshore aquifer an actively recharging sys-
tem, with important implications for possible future sustainable exploitation.
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1. Introduction

In siliciclastic systems, conventional hydrocarbon and groundwater
reserves are generally stored within sand-prone reservoirs (Ainsworth,
2010; Beauboeuf and Friedman, 2000; Neal et al., 2016; Shanley and
McCabe, 1993) that are part of a broader sedimentary basin fill. For this
reason, the principal goal of predevelopment basin studies is an esti-
mation of (i) distribution and lateral extent of sandy facies, (ii) sand
bodies geometries, and (iii) their connectivity, to evaluate the produc-
tion potential of prospective basins (Jervey, 1988).

Sequence stratigraphy (Mitchum, 1977; Payton, 1977; Posamentier
and Vail, 1988; Posamentier et al., 1988; Vail et al., 1977a, 1977b, 1984;
Van Wagoner et al., 1988, 1990) and the source-to-sink approach
(Gawthorpe et al., 1994, 1997; Goodbred, 2003; Meade, 1972, 1982;
Reading and Richards, 1994; Schumm, 1977) developed since the late
70s to understand how sediments are partitioned and preserved in
different basins, and to make predictions in areas of limited data
coverage (Helland-Hansen et al., 2016). Despite initial discussions,
criticisms and contrasting approaches (Galloway, 1989; Hunt and
Tucker, 1992; Helland-Hansen and Martinsen, 1996; Miall, 1986,
1992a; Schlager, 1993), the sequence stratigraphic subdivision of
stratigraphic successions into genetic units separated by laterally
extensive erosion or flooding surfaces (Catuneanu et al., 2009) pre-
vailed, especially in the oil industry (Payton, 1977; Posamentier and
Weimer, 1993; Weimer and Posamentier, 1993). Mapping of seismic
units bounded by laterally extensive surfaces led to a genetic view of the
sedimentary record, and sequence stratigraphy became a powerful tool
to predict the distribution of porous, coarse-grained sedimentary bodies
and of sealing/source rock units within the framework of relative sea-
level variations (Embry and Johannessen, 2017; Zecchin and Catu-
neanu, 2013). However, although changes in lithology and stacking
patterns within basin fills generally reflect source area dynamics (Bal-
lato and Strecker, 2014; Deramond et al., 1993; Galloway et al., 1993),
sequence stratigraphic analysis focused mostly on the “temporary sink”.

Sedimentary fills represent the product of short periods of erosion
and deposition superimposed on longer-term allogenic controlling
mechanisms (Sømme et al., 2009) that involve the entire source-to-sink
transect (Allen, 2008). Sediment supply, one of the two fundamental
parameters linked to the deposition of sequences (sensu Vail et al.,
1977a), is mainly controlled by relief, climate, substrate lithology and
catchment area (Syvitski and Milliman, 2007). Catchment analysis may
provide valuable information about sediment supply that, along with
accommodation, is a primary controlling factor of the stacking patterns
and stratigraphic architecture of basin fills (Muto and Steel, 1997).
Sequence stratigraphy and source-to-sink approach complement each
other, especially when sediment provenance analysis is utilized to pro-
vide source-area-conditioned premises for reservoir characterization
(Vincent et al., 2014) or to produce realistic subsurface models of
stratigraphic architecture (Amorosi et al., 2020).

Aiming at a better understanding of the basin fill, both sequence
stratigraphy and the source-to-sink approach evolved significantly in the
last two decades. Following improvements in seismic acquisition and the
integration of data from wells and outcrops, sequence stratigraphy is
applied to ever smaller (i.e., “sub-seismic”) scales of observation and
high-resolution sequence stratigraphy developed (Catuneanu, 2019;
Zecchin and Catuneanu, 2013). On the other hand, source-to-sink
analysis evolved into a quantitative approach for the numerical
extraction of sediment flux data (Milliman and Syvitski, 1992; Payen-
berg et al., 2024). To make predictions on morphological parameters of
ancient source-to-sink systems in the subsurface, scaling relationships
from modern systems were developed (Blum et al., 2013; Sømme et al.,
2009). Application of high-resolution sequence stratigraphic concepts in
a source-to-sink framework can shed new lights on the active role of
factors shaping the stratigraphic architecture of clastic depositional
systems, to determine more reliable predictions during subsurface
exploration operations (Amorosi et al., 2016a; Blum andWomack, 2009;

Catuneanu et al., 2009; Shepherd et al., 2023).
The perfect field to test this integrated basin analysis methodology is

represented by the exploration of offshore freshened groundwater (OFG)
reservoirs. By definition, OFG has a total dissolved solids concentration
below that of seawater and is preferentially stored within siliciclastic
aquifers located in continental shelves worldwide (Micallef et al., 2021).
Its emplacement is mostly linked to periods of sea-level lowstand (Post
et al., 2013; Sheng et al., 2024), when modern shelf sectors experienced
widespread subaerial exposure and widespread valley incision, because
of sea-level lowering (Anderson et al., 2004; Blum and Aslan, 2006;
Blum and Törnqvist, 2000; Blum et al., 2013; Burger et al., 2001; Ler-
icolais et al., 2001; Wang et al., 2019; Wellner and Bartek, 2003). The
growing interest on OFG exploration is due to the increased demand of
low-salinity water, especially in coastal zones, where OFG could repre-
sent an alternative source (Bakken et al., 2012; Zamrsky et al., 2022) as
potential potable water or raw water source for desalination (Sheng
et al., 2023), considering the effects of climate change and the over-
exploitation of coastal aquifers (Custodio, 2002; UN-Water, 2020;
Zamrsky et al., 2024).

OFG resources have not been exploited yet, at least directly, because
of several “knowledge gaps” (Micallef et al., 2021) and lack of quanti-
fication of their potential.

The discovery of OFG along continental shelves occurred mostly by
chance during hydrocarbon production or deep-sea drilling operations
(Hathaway et al., 1976, 1979; Lofi et al., 2013; Micallef et al., 2020;
Mountain et al., 2009; van Geldern et al., 2013), and the majority of OFG
studies primarily rely upon measurements of seafloor bulk resistivity to
infer the presence of potential OFG reserves beneath the seafloor (Attias
et al., 2020, 2021; Evans, 2007; Gustafson et al., 2019; Evans and Liz-
arralde, 2011; Haroon et al., 2018, 2021; Müller et al., 2011; Mulligan
et al., 2007; Russoniello et al., 2013). Recently, based on hydrogeology,
geophysical reflections, porewater geochemistry, and paleo-
hydrogeological models, Sheng et al. (2023) documented an OFG
body in the Pearl River Estuary (China) and adjacent continental shelf.
However, despite the recognized importance of geology and facies ar-
chitecture as a key factor controlling permeability distribution, flow,
and volume of OFG (Micallef et al., 2021), none of these studies relies on
robust, high-resolution stratigraphic reconstructions. As a consequence,
little attention has generally been paid to the stratigraphic framework
for the first identification and characterization of potential aquifer/
aquitard units. Geological factors exert a major control on the continuity
or connectivity of permeable and/or confining strata, and the overall
aquifer heterogeneity (and anisotropy in hydraulic conductivity) is the
result of spatial facies distribution and geological processes (Maliva,
2016) that influence offshore hydrogeology (Houben et al., 2018; Li
et al., 2016; Michael et al., 2016; Paldor et al., 2020; Sheng et al., 2024;
Thomas et al., 2023; Zamrsky et al., 2020). As observed by Bertoni et al.
(2020), sequence stratigraphic studies ignored OFG reserves, whereas
seismic stratigraphy (Vail et al., 1977a, 1977b) was adopted only by a
few works dealing with offshore groundwater analysis (Micallef et al.,
2020; Thomas et al., 2019; Varma and Michael, 2012). These studies
suggest that large- (i.e., seismic-) scale mapping of potential offshore
aquifer units can be obtained using seismic data mostly from the oil
industry. However, large scale-mapping cannot provide the suitable
resolution to fill some of the “key knowledge gaps” (Micallef et al.,
2021), such as: (i) the poor understanding of the distribution, extent and
size of OFG bodies; (ii) the scarce knowledge of the control exerted by
the geological environment on the spatial distribution (and flow) of
OFG; and (iii) the link between continental margin evolution during
multiple sea-level cycles and its influence on the emplacement and dy-
namics of OFG. Furthermore, it is likely that only actively recharging
systems may be sustainable in terms of OFG exploitation, “whereas relict
bodies are progressively salinizing under modern sea level conditions”
(Micallef et al., 2021). On the other hand, high-resolution seismic pro-
files and borehole logs can be helpful to reconstruct the spatial distri-
bution of potential aquifer bodies, such as paleochannels in large river
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delta systems (Sheng et al., 2023). This is why a high-resolution
sequence stratigraphic approach may prove extremely helpful to fill
all these gaps, and source-to-sink analysis could allow the identification
of potential sustainable OFG systems to be sustainably exploited.

Because of the amount of data available and the stratal continuity
from alluvial plain to upper slope deposits, the Po Plain-Adriatic source-
to-sink system, framed within the Alpine-Apennine foreland basin
(Fig. 1a), represents an ideal area to develop and test such an integrated
methodology aiming at the exploration of OFG reservoirs in relatively
shallow water (< 100 m depth). Its late Quaternary succession (since the
Last Glacial Maximum) has been intensively investigated in the last 20
years, as tens of high-resolution sequence stratigraphic studies have
been carried out, both in the onshore sector (Amorosi et al., 1999,
2016b, 2023; Bruno et al., 2017, 2019; Campo et al., 2017, 2022; De
Santis and Caldara, 2016; De Santis et al., 2020a, 2020b; Longhitano
et al., 2016; Ricci Lucchi et al., 2006; Scarponi and Kowalewski, 2004;
Scarponi et al., 2013; Stefani and Vincenzi, 2005) and offshore (Catta-
neo and Trincardi, 1999; Maselli et al., 2011; Pellegrini et al., 2024; Piva
et al., 2008a, 2008b; Oldfield et al., 2003; Ridente and Trincardi, 2002,
2005, 2006; Ridente et al., 2008, 2009; Scarponi et al., 2022; Trincardi
and Correggiari, 2000; Trincardi et al., 1996). The Apennine-Adriatic
system is characterized by high and laterally variable levels of subsi-
dence, siliciclastic sedimentation, and sediment supply rates under
rapid, high-magnitude relative sea-level changes. Based on a chrono-
logically well-constrained stratigraphy, Amorosi et al. (2016a) supplied
a thorough paleoenvironmental reconstruction from the fluvial realm

(Po Plain) to the deep-marine basin (Mid Adriatic Depression or MAD,
Fig. 1), along with a first assessment of sediment volumes stored in each
systems tract. More recently, Amorosi et al. (2022) built a model for
provenance and sediment flux from the catchments to the final sinks,
based upon bulk-sediment geochemistry.

Through high-resolution stratigraphic correlation along three
selected catchment-to-shelf transects in the western Central Adriatic
system (i.e., Italian side, Fig. 1b), this study, aims at developing a solid
stratigraphic methodology for the exploration of OFG reservoirs stored
in continental shelves.

Beneath the western Central Adriatic coastal plains, amalgamated
fluvial gravel-to-sand bodies that accumulated since the Last Glacial
Maximum (LGM, 26.5 to 19 kyr BP: Clark et al., 2009) under lowstand
conditions (Fig. 2) represent the most exploited aquifers, and are
generally sealed by post-LGM mud-prone strata (Desiderio et al., 2003,
2007; Molinari et al., 2007; Nanni and Vivalda, 2005; Regione Emilia-
Romagna, ENI-AGIP, 1998). On the other hand, with the exception of
the LGM Po Delta (Gamberi et al., 2020; Pellegrini et al., 2017a, 2017b,
2018), lowstand deposits are poorly documented offshore (Trincardi
et al., 1994), and physical correlation with their onshore counterparts,
critical to document continuity of coastal aquifers beneath the Adriatic
shelf, has never been attempted. Specific goals of this study are: (i) the
reconstruction of high-resolution stratigraphic architecture of late
Quaternary strata (last 30 kyr), along three selected catchment-to-shelf
transects, with a specific focus on the lowstand systems tract (LST); (ii)
the creation of thickness maps of LST, as well as of transgressive systems

Fig. 1. Location of the study area a) with indication of the major structural features of the Northern and Central Adriatic basin and areal extent of the Plio-Pleistocene
Periadriatic foreland (modified from Carruba et al., 2006). b) The study area, with main geological features, selected transects (in red) and the dataset (geophysical
and sediment core data) used in this study. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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tract (TST) plus highstand systems tract (HST) at the scale of the entire
western Central Adriatic shelf, using high-resolution seismic data cali-
brated with sediment cores; (iii) the identification of lowstand sand
pathways from the source areas through the shelf; (iv) a first assessment
of sediment volumes at the systems tract scale, considering LST as a
potential reservoir unit, and the overlying TST + HST as a sealing unit;
(v) to test the effectiveness of sediment-bulk geochemistry for the
identification and characterization of potential reservoirs; (vi) to
examine LST deposits as strategic aquifer units.

2. Geological framework of the western Adriatic Basin

2.1. Structural geology

The Adriatic basin, encased between the Apennines, Alps and
Dinarides mountain chains, is part of an elongated Plio-Pleistocene
foreland domain (Fig. 1a). Its formation reflects tectonic subsidence
caused by the eastward rollback of the Apennine subduction hinge
(Royden et al., 1987) and deposition of thick syn-orogenic clastic se-
quences (Doglioni, 1993). Because of the high subsidence rates, the most
external thrust fronts of the Alps and Apennines were buried beneath the
Po Plain (Burrato et al., 2003) and the Central Adriatic (Rossi et al.,
2015). Recent seismic activity recorded in correspondence to these
external thrust fronts makes this area seismically active (Caputo et al.,
2012). The ongoing structural activity has determined the progressive
evolution into a wedge-shaped basin with the deepest depocenters
adjacent to the thrust front, where the Plio-Quaternary basin fill is
locally up to 8000 m thick (Carminati et al., 2003; Picotti and Pazzaglia,

2008; Ridente et al., 2008). The basin fill shows an overall regressive
trend, from deep marine to alluvial deposits (Cantalamessa et al., 1986;
Ori et al., 1986; Ricci Lucchi et al., 1982).

High subsidence rates characterize the most subsiding areas of the Po
Plain (1 mm/yr; Burrato et al., 2003) and of the Adriatic Sea (0.3 mm/
yr; Maselli et al., 2010). Increased accommodation favoured the accu-
mulation and exceptional preservation of thick forced regressive de-
posits both onshore (Amorosi et al., 2004) and offshore (Ridente and
Trincardi, 2002; Trincardi and Correggiari, 2000).

2.2. Morphology and catchment areas

The modern Adriatic Sea is a narrow epicontinental basin, elongated
about 800 km in the NW-SE direction and about 200 km across (Fig. 1a).
Based on seafloor morphology, the Adriatic Sea can be subdivided into
three different sectors. The Northern Adriatic is characterized by a
shallow and gently dipping (0.02◦) continental shelf extending to about
350 km in a NW-SE direction toward the Mid-Adriatic Depression (MAD;
Fig. 1). This latter is a remnant basin (Pellegrini et al., 2018; Trincardi
et al., 1994), with maximum depth of 260 m, confined to the north by
the lowstand Po River Delta (Cattaneo and Trincardi, 1999) and to the
south by the Gallignani-Pellegrosa ridge (Fig. 1). Repeated phases of sea-
level fall and subsequent lowstand since the Middle Pleistocene caused
the progressive filling of the MAD from the NW, because of the sediment
supplied by prograding Po River delta systems (Ciabatti et al., 1987;
Dalla Valle et al., 2013), favouring the development of the modern
North Adriatic shelf (Zecchin et al., 2017). The Central Adriatic has a
narrow continental shelf, parallel to the Apennine front, with maximum

Fig. 2. Palaeogeography of the Northern and Central Adriatic basin during the Last Glacial Maximum (LGM, about 26 cal kyr BP). Transect A-A’ represents the
stratigraphic architecture of the Po-Adriatic system at lowstand times (modified from Amorosi et al., 2016a). Stratigraphic profiles B-B′ and C-C′ show the pre-LGM
and LGM (i.e., pre-LST and LST) stratigraphic architecture in different sectors of the Adriatic (modified from Campo et al., 2022 and Pellegrini et al., 2018). LST:
Lowstand systems tact; TST: transgressive systems tract; LPD: Lowstand Po Delta; MAD: Mid-Adriatic Depression; Pvs: paleovalley system.
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basinward extent of 50 km, and seafloor dipping between 0.3◦ and 0.7◦

(Cattaneo et al., 2007). Basinwards, this narrow shelf is confined by
morphological highs reflecting deformation along the Apennine thrust-
belt front. The Southern Adriatic, with a complex slope morphology
due to the interaction between mass transport processes and deep-water
circulation (Pellegrini et al., 2016; Ridente et al., 2007; Rovere et al.,
2019), is the deepest sector, with maximum depth of about 1200 m.

The main clastic sources to the Adriatic Sea are located north of the
Gargano Promontory along the western (i.e., Italian) Adriatic side, with
major entry points from the Alps and the rapidly uplifting Apennines
(Fig. 1). Catchment areas of the western Adriatic system include the
drainage basins of eastern Alpine rivers, the Po River and Apennine
rivers (Cattaneo et al., 2003, 2007). The cumulative drainage area of
Apennine rivers is less than half of the Po River catchment, which is the

largest, extending for 74,500 km2.
Despite significantly smaller catchment areas, the Apennine rivers

deliver about 32.2× 106 t/yr of suspended sediment against 15 × 106 t/
yr from the Po River, whereas the eastern Alpine rivers mostly feed the
Northern Adriatic with 3 × 106 t/yr of suspended load (Cattaneo et al.,
2003). Because of a cyclonic circulation, the sediment yielded during the
last 7.0 kyr BP accumulated along the western side of the Adriatic
forming a continuous, mud-prone sedimentary body parallel to the coast
(Fig. 3).

Along the Central Adriatic, small coastal plains, about 1.5 km in
width, are locally interrupted by rocky cliffs (Parlagreco et al., 2011).
These coastal plains represent the distal portions of narrow and gener-
ally steep fluvial valleys (Fig. 1b) incised by the Apennine rivers also
under a tectonic control (Della Seta et al., 2008). The piedmont area is

Fig. 3. Palaeogeography of the Northern and Central Adriatic basin during the Late Pleistocene-Holocene transition (about 13–11 cal. kyr BP) and at Present, with
stratigraphic profiles (modified from Amorosi et al., 2016a, 2017b; Campo et al., 2022) depicting the stratigraphic architecture of the last 14.4 kyr (i.e., TST + HST)
in different Adriatic sectors. Radiocarbon ages of core PRAD2–4 (cross-section D-D′) are from Vigliotti et al. (2008). LST: Lowstand systems tact; TST: transgressive
systems tract; HST: highstand systems tract.

B. Campo et al.



Earth-Science Reviews 256 (2024) 104880

6

characterized by alluvial fans and fluvial terraces of Quaternary age
(Fanucci et al., 1996; Farabollini, 1999), the formation of which was
linked to alternating phases of fluvial aggradation and erosion driven by
climatic oscillations and regional uplift (Della Seta et al., 2008).

Fluvial terrace chronology relies upon stratigraphic correlation and
radiocarbon dating. Four orders of terraces have been identified, from
the oldest, T1, of Middle Pleistocene age (Nesci et al., 1990), to the
youngest, T4, of Holocene age (Elmi et al., 2003). Lower terrace deposits
generally host the most important water resources along the Adriatic
coast (Desiderio et al., 2007).

2.3. Onshore-offshore sequence stratigraphy of late Quaternary western
Adriatic deposits

In this study, for the offshore sector, we adopt the original definition
of depositional-sequence boundary of Mitchum (1977), and apply the
principal criteria of Vail et al. (1977a, 1977b) to identify the sequence
boundary (SB) through reflection or strata terminations. For a better
correlation with the river’s catchments (i.e., onshore) and the recogni-
tion of a depositional-sequence boundary associated with the proximity
of terrigenous input, particular attention was dedicated to the identifi-
cation of coastal onlap at the basin scale (Pellegrini et al., 2018).
Onshore, following the classic models (Aitken and Flint, 1996; Gibling
and Bird, 1994; Gibling and Wightman, 1994; McCarthy and Guy Plint,
1998; McCarthy et al., 1999; Plint et al., 2001; Van Wagoner et al.,
1990), the SB was recognized at the base of the fluvial valley fills and in
the associated pedogenized interfluves. Beyond correlations with local
or global cycle charts, the overall interpretation of the SB relies upon
geometries and stratal stacking patterns from seismic data (offshore),
and facies relationships from cores (onshore), as suggested by several
authors (Catuneanu et al., 2009; Posamentier and Allen, 1999; Van
Wagoner, 1995; Van Wagoner et al., 1987, 1990). In a S2S perspective,
from the river catchments to the Adriatic shelf, the SB corresponds to the
type 1 sequence boundary of Van Wagoner et al. (1988).

2.3.1. Pre-lowstand systems tract deposits (Pre-LST)
Below the basal and fluvial portion of the paleovalley fills (i.e., LST)

along the western Central Adriatic coastal plains (Fig. 2), previous de-
posits generally consist of older and mud-dominated strata, from the
Early Pleistocene shelf Mutignano silty clays (Catanzariti et al., 2009; Di
Martino et al., 2023) to Middle/Upper-Pleistocene continental and
coastal deposits (Amorosi et al., 2016b; Ricci Lucchi et al., 2006).
Considering the catchment-to-shelf scale of this work as well as their
different ages, stacking patterns and facies associations, these deposits
have been generically defined as pre-LST deposits (Fig. 2).

On the Adriatic shelf, pre-LST strata include only mud-prone and
marine deposits dated between 370 and 31.8 kyr BP showing pro-
gradational geometries as the underlying HST, but with progressively
steeper oblique-tangential clinoforms, sharp downlap terminations and,
where present, a thin distal drape (Piva et al., 2008a; Ridente and
Trincardi, 2002; Ridente and Trincardi, 2005; Trincardi and Correggiari,
2000). An erosional surface (SB) tops these deposits on the shelf, south
of the MAD (Cattaneo and Trincardi, 1999).

2.3.2. Lowstand Systems Tract (LST)
At the onset of the Last Glacial Maximum (about 26 cal kyr BP; Clark

et al., 2009), corresponding to the transition from the Marine Isotope
Stage (MIS) 3 and MIS 2 (ca. 30 kyr BP - Lisiecki and Raymo, 2005),
extensive glaciers capped the Alps (Florineth and Schlüchter, 1998; Ivy-
Ochs et al., 2022; Monegato et al., 2007) and sea level dropped to about
135 m below its present level (Lambeck et al., 2014). At that time, the Po
River flowed into the MAD cutting through the almost entirely subaer-
ially exposed Northern Adriatic shelf, which experienced fully alluvial
conditions (Fig. 2). The Po River catchment reached about 190,000 km2,
i.e., more than double its modern extent (Amorosi et al., 2016a), with a
trunk channel acting as a collector of tributaries from the Alps, the

Apennines and the Dinarides (Fig. 2). The LGM Po River catchment
incorporated most of the Alpine and Apennine rivers, as well as a few
minor rivers draining the western Dinaric front (Pellegrini et al., 2017a,
2017b). In the Po Plain, an extensive, weakly-developed paleosol formed
on the interfluves because of widespread fluvial incision and is inter-
preted as the sequence boundary (Morelli et al., 2017; Bruno et al.,
2022). This horizon can be traced off the interfluves into a highly dia-
chronous erosional surface at the base of lowstand channel-belt sand
bodies (cross-section A-A’ in Fig. 2 and Amorosi et al., 2017a). South to
the modern Po Delta, the Po-channel belt consists of amalgamated
fluvial bodies (Amorosi et al., 2016a) with a composite thickness locally
exceeding 30 m, and up to 20 km in width (cross-section A-A’ in Fig. 2).
High lateral continuity and multi-storey architecture, with a high degree
of amalgamation and channel connectivity are consistent with the
continuous creation of accommodation due to tectonic subsidence,
lateral erosion, and increased sediment supply under lowstand condi-
tions causing sediment load and undergoing sediment compaction.
Along the western Adriatic coastal plains, the MIS 3/2 sea-level lowering
caused incision of Apennine rivers into older marine to continental
strata (Calderoni et al., 2010; Catanzariti et al., 2009; Curzi et al., 2017 -
pre-LST deposits of Fig. 2), with formation of a set of coeval paleovalley
systems (PVSs in Fig. 2 and De Santis and Caldara, 2016; Longhitano
et al., 2016; Ricci Lucchi et al., 2006 among others), and their subse-
quent widening due to lateral migration and fluvial deposition under
lowstand conditions (Blum et al., 2013). All PVSs are floored by amal-
gamated fluvial gravel bodies, 10–15 m-thick and generally<2 km wide
(cross-section B-B′ in Fig. 2), dated to the Late Pleistocene (< 30 cal kyr
BP). Based on chronological data and on their overall aggradational
stacking pattern, these fluvial successions have been interpreted as LST
deposits (Fig. 2), consistent with classic models (Gibling et al., 2011;
Zaitlin et al., 1994).

On the Northern Adriatic shelf, despite identification of large
erosional features of fluvial origin up to 20 m deep and several kilo-
metres wide (Ferretti et al., 1986; Ronchi et al., 2018; Rovere et al.,
2020), the age of LST deposits is not well established (Amadori et al.,
2020; Correggiari et al., 1996b; Moscon et al., 2015; Trincardi et al.,
1994). Under lowstand (glacial) conditions, in the western shelf sector,
most of the sediment was intercepted by the lowstand Po River flowing
into the MAD (Kettner and Syvitski, 2008; Pellegrini et al., 2018; Fig. 2).
Similarly, a widespread erosional surface (i.e., SB) characterized the
Central Adriatic shelf, whereas lowstand deposition took place mostly at
the shelf-edge and no comparable (“Po-like”) channel belts were iden-
tified (Trincardi et al., 1996). As documented by several studies (Trin-
cardi and Correggiari, 2000; Trincardi et al., 1994, 2004a), sediment
delivered by the lowstand Po River started progressively to fill the MAD.
Between 31.8 and 14.4 cal kyr BP, the lowstand Po Delta system formed
a 350 m-thick and mud-dominated sedimentary wedge prograding for
over 40 km into the MAD (cross-section C-C′ in Fig. 2 – Pellegrini et al.,
2018). On the outer shelf, this wedge is characterized by sandy clino-
forms of deltaic and barrier deposits that remained connected to the
alluvial plain (Gamberi et al., 2020).

As a whole, from the paleovalley systems to the shelf edge, the SB
corresponds to an erosional unconformity of fluvial origin linked to the
last significant sea-level drop at the onset of the LGM (MIS3/2 transition
- Amorosi et al., 2016a), and showing significant erosional truncation of
the underlying older and mud-prone strata (transects A-A’ and C-C′ in
Fig. 2). Basinward, at the base of the lowstand wedge, the SB corre-
sponds to a correlative conformity.

2.3.3. Transgressive Systems Tract (TST)
The post-glacial stepwise sea-level rise, between about 18 and 7 cal

kyr BP (Lambeck et al., 2014), generated TST deposits from the western
Adriatic that are generally characterized by a sharp (seismic and sedi-
mentary) facies contrast with underlying LST strata. Onshore, the
transgressive surface (TS) clearly marks the transition between fully
alluvial lowstand facies associations and overlying, mud-prone and
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organic-rich estuarine deposits (cross-sections A-A’ and B-B′ in Fig. 3). A
distinct pollen signature is also diagnostic of the TS, which marks the
transition between glacial (LST) and interglacial (TST) successions
(Amorosi et al., 2004). Along the western Adriatic coastal plains, the
maximum thickness (21 m) of transgressive deposits, younger than 13.1
cal kyr BP (Amorosi et al., 2016b), is recorded within coastal-
paleovalleys (cross-section B-B′ in Fig. 3). Onshore, the TST displays a
generally deepening-upward trend and an overall retrogradational
stacking pattern (cross-sections A-A’ and B-B′ in Fig. 3 - De Santis et al.,
2020a, 2020b; Longhitano et al., 2016), recording the backstepping of
deltaic and barrier-lagoon systems due to the rapid post-MWP 1 A and
MWP 1B (ca. 13–11 kyr BP, Fig. 3) sea-level rise (Pellegrini et al., 2015;
Storms et al., 2008;).

Offshore, the TS highlights the widespread post-MWPs 1 A and 1B
drowning of the shelf (Fig. 3). Recent work (Pellegrini et al., 2017a) on
the Po River lowstand wedge (PRLW) identified the TS atop the PRLW,
at the transition from a progradational-aggradational (LST) to retro-
gradational stacking of coastal transgressive deposits on the shelf, and
dated this surface to 14.4 cal kyr BP (cross section C-C′ in Fig. 2). On the
Northern Adriatic shelf, the TST consists of scattered, backstepping
barrier-island systems, <5 m thick (Correggiari et al., 1996a, 1996b and
cross-section C-C′ in Fig. 3). On the Central Adriatic shelf, the TST is
made of a composite, up to 25 m-thick, fine-grained sediment body
including subaqueous progradational units, but with overall retro-
gradational tendency, and barrier-island and shoreface sands with
scattered distribution (cross-section D-D′ of Fig. 3 - Cattaneo and Trin-
cardi, 1999). The peak of transgression and the maximum landward
migration of barrier-lagoon systems was achieved around 7.0 cal kyr BP
(cross sections A-A’, B-B′ and D-D′ in Fig. 3 – Amorosi et al., 2016a;
Storms et al., 2008).

2.3.4. Highstand Systems Tract (HST)
The maximum flooding surface (MFS) marks the maximum landward

migration of the shoreline, which coincides with the transition from
retrogradational to progradational depositional geometries (cross sec-
tions A-A’, B-B′ and D-D′ in Fig. 3). Along the Adriatic coastal region, the
MFS is commonly identified within a fossil-rich horizon characterized by
an age mixing of up to 2500 years (Scarponi et al., 2013), which suggests
stratigraphic condensation between 8.0 and 6.0 cal kyr BP (cross-sec-
tions A-A’, B-B′ and C-C′ in Fig. 3 and Asioli, 1996; Oldfield et al., 2003;
Piva et al., 2008b). Autogenic processes and climate changes are
considered the most important controlling factors of highstand archi-
tecture (Amorosi et al., 2017b; Cattaneo et al., 2003; Correggiari et al.,
2005a, 2005b), which is generally characterized by aggradation of al-
luvial plains and progradation of delta systems (Amorosi et al., 2019;
Cattaneo and Trincardi, 1999; Pellegrini et al., 2021; Stefani and Vin-
cenzi, 2005). Onshore, beneath themodern coastal plain, theMFS can be
tracked from shallow-marine deposits updip into lagoonal facies and
alluvial deposits (cross-sections A-A’ and B-B′ in Fig. 3). Offshore the Po
River and the Apennine coast, down to the Gargano Promontory, HST
consists of a muddy subaqueous delta (cross-section D-D′ in Fig. 3),
about 600 km long (Fig. 3 - Present) and up to 35 m-thick (Cattaneo
et al., 2003; Correggiari et al., 2001; Pellegrini et al., 2015) that formed
in response to shore-parallel sediment transport with a predominant
southern direction. Onshore, HST has maximum thickness of 28 m in the
most distal sectors and progressively thins out landwards (cross-sections
A-A’ and B-B′ in Fig. 3 - Stefani and Vincenzi, 2005). Topset and foreset
strata are separated by the subaqueous rollover point, a prominent
morphologic feature that can be traced along the subaqueous delta
(Cattaneo et al., 2003). The progradation of the offshore delta wedge is
still active (e.g. Friedrichs and Scully, 2007; Harris et al., 2008; Pelle-
grini et al., 2024), and foresets of the clinoform are forming with a
predominantly basinward outbuilding, as also documented by EURO-
DELTA and EUROSTRATAFORM projects (Nittrouer et al., 2004; Trin-
cardi et al., 2004a, 2004b).

3. Methods and dataset

Generating and testing a sequence stratigraphic methodology in a
source-to-sink framework for the improvement of offshore groundwater
exploration is an ambitious task. The large amount of sedimentological
data from boreholes on the onshore portion of the system and seismic
lines interpretation from the offshore (Fig. 1 for location) make up the
core of sequence stratigraphic analysis. However, onshore-offshore
correlation is characterized by a high degree of complexity, inherent
to the different techniques of acquisition, investigation and interpreta-
tion of stratigraphic and sedimentological data in the subaerial versus
submarine depositional settings.

3.1. Onshore-offshore stratigraphic database

The study area is comprised of coastal plain and adjacent shelf sec-
tors of the western Central Adriatic Sea (Fig. 1b). Onshore, the strati-
graphic database includes over 90 continuous cores, up to 60 m long and
intercepting the pre-LST substrate (cross-section B-B′ in Figs. 2 and 3) of
Early Pleistocene age. Sediment cores were analyzed by combining
sedimentological and palaeontological data. Sedimentary facies analysis
was accomplished through a multi-proxy approach based on the
description of lithology, grain size, accessory components and resistance
to penetration measured through a pocket penetrometer.

Even though well logs from hydrocarbon exploration generally
provide low-resolution stratigraphic information, two well log de-
scriptions (Frt001 and Cmp001 in Fig. 1b) from ViDEPI Project were
useful to improve the stratigraphic database in areas with scarce data
cover.

The offshore dataset includes single-channel profiles shot with a 300-
J Sparker electromechanic source and a dense grid of CHIRP sub-bottom
lines with a 2–7 kHz outgoing signal. All data were digitally recorded
after bandpass filtering and gain adjustment. The seismic grid comprises
high-resolution seismic profiles, completely covering the study area and
measuring about 5600 km2 (Fig. 1).

Well log Frt001 was used to integrate the seismic dataset with lith-
ologic information in shallow water, off Pescara (Fig. 1b).

High-resolution onshore-offshore correlation was carried out along
three catchment-to-shelf transects of the Apennine-Adriatic system
(Fig. 1b). These transects were selected as they provide a well-balanced
amount of high-resolution stratigraphic data for both the onshore and
offshore sectors, and accurately reflect the depositional characteristics
of the western Central Adriatic. To delineate genetically related strata
and infer stratigraphic architecture, seismic stratigraphic interpretation
and seismic-facies analysis were conducted based on the principles of
seismic stratigraphy (Mitchum and Van Wagoner, 1991; Mitchum,
1977) and the accommodation-succession method (Neal and Abreu,
2009; Neal et al., 2016). These approaches use reflection terminations as
the principal criteria for the recognition of key stratigraphic surfaces,
such as the Sequence Boundary (SB) at the base of the western Adriatic
LST deposits (Pellegrini et al., 2017a, 2018). An equivalent approach
was adopted onshore to identify sequence stratigraphic surfaces, as
already shown by Campo et al. (2020).

The software Petrel (Schlumberger) was utilized for geological
mapping and for sediment volumes assessment. For mapping, the most
reliable interpolation was achieved using the convergent interpolation
method. This method is based on a control-point-oriented algorithm that
leads to a sequential improvement of the grid resolution by iteratively
converging upon the solution. For additional information about this
interpolation methodology, the reader is referred to Geach et al. (2014).
The volume calculation tool of Petrel was utilized to calculate the
decompacted volumes of the targeted i) potential LST aquifer unit, and
ii) TST + HST aquitard unit, but only after the mapping of main strati-
graphic surfaces was completed. Volumes calculation was accomplished
by setting the areal extent (i.e., polygon of the study area of Fig. 1b)
along with the upper and/or lower limits (i.e., stratigraphic surfaces) of
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each unit. Grid and size position were determined from the selected
input data and boundary, with a grid increment of 50 for x-y increments.
Besides all these automatic operations, all maps were edited manually
by using the Petrel tool “map editing”, to include regional trends and the
best fitting geological interpretation. A seismic velocity of 1600 m/s, as
suggested by sonic logs (Maselli et al., 2010), was adopted to convert
two-way travel times (TWTT) into depth units and to calculate the
volume of seismic units.

3.2. Bulk sediment geochemistry and sediment provenance

The geochemical dataset includes a total of 137 samples that were
analyzed by X-ray fluorescence (XRF) at University of Bologna labora-
tories. Twenty-four samples that penetrated the LST were collected from
8 Central Adriatic shelf cores (AN97–36, AN97–31, LSD_26, PAL94–8,
PAL94–9, RF93–56, RF93–75, YD97–13 in Fig. 1b) and analyzed for
sediment provenance. Data from cores PAL94–8 and PAL94–9 have been
published by Lucchini et al. (2003). Bulk samples were geochemically
analyzed according to the same sample-preparation methods. Samples
were oven dried at 50 ◦C, powdered and homogenized in an agate
mortar and analyzed by X-ray fluorescence (XRF) spectrometry using a
Panalytical Axios 4000 spectrometer. The matrix correction methods of
Franzini et al. (1972), Leoni and Saitta (1976), and Leoni et al. (1982)
were followed. The estimated precision and accuracy for trace-element
determinations was 5%. For elements with low concentration (<10
ppm), the accuracy was 10%.

For sediment provenance inferences, LST core data from the Adriatic
shelf were matched against the known geochemical compositions of the
two major fluvial end-members: Po River and Central Apennine rivers.
The whole grain size spectrum, from coarse sand to clay, was investi-
gated. Particularly, we used 35 data representative of modern Po River
sediment composition and 46 data from 11 modern Central Apennine
rivers: from north to south, Aso, Tronto, Vibrata, Salinello, Tordino,
Vomano, Piomba, Pescara, Sangro, Sinello, and Trigno (Amorosi et al.,
2022). We also used 18 representative data of the lowstand Po channel
belt (Amorosi et al., 2022) and 14 unpublished data from the lowstand
Pescara channel belt.

We controlled possible effects of size-selective transport on a sedi-
mentological basis, by grouping samples into facies associations (Gar-
zanti et al., 2009; Razum et al., 2021; Weltje, 2004) and we did not
adopt size fractionation, as this approach does not ensure source
representativeness and typically results in different elemental compo-
sitions based on the particle size fraction selected (Laceby et al., 2017).
In order to compensate for grain-size variability of geochemical element
concentration, we normalized geochemical data of fluvial to shallow-
marine facies associations using vanadium as a grain size proxy. The
Cr/V plot, in particular, was adopted as a powerful tool for the
discrimination of ultramafic (Po River-derived) versus non-ultramafic
(Apennine rivers) source-rock composition (Amorosi and Sammartino,
2007).

4. Sedimentary facies associations and seismic facies from the
western Central Adriatic area

4.1. Sedimentary facies associations (onshore units)

The depositional facies associations that compose the late
Pleistocene-Holocene succession and older strata (i.e., pre-LST) in the
western Central Adriatic coastal plain have been described extensively
by numerous works (Amorosi et al., 2016b, 2023; Campo et al., 2022;
Cantalamessa and Di Celma, 2004; Catanzariti et al., 2009; Curzi et al.,
2017; Longhitano et al., 2016; Ricci Lucchi et al., 2006), and will not be
reiterated here in detail. Above the pre-LST substrate, fourteen facies
associations were grouped into five depositional systems. Substrate and
different groups are summarized below, in stratigraphic order, along
with their main sedimentological features observed through core

analysis (Fig. 4).

4.1.1. Substrate
The substrate of Early to Middle Pleistocene age includes two main

depositional facies. The first facies association (Sub 1 of Fig. 4a) is made
of massive and bioturbated gray to brownish clays and silty clays
(Fig. 4a, 51.4–52 m core depth). Small percentages (< 5%) of very fine
sand occur as cm-thick intercalations. Faint horizontal lamination is
locally observed. Pocket penetration (Pp) values are generally >5 kg/
cm2. The foraminiferal content typically consists of benthic species
(Bolivina spp, Bulimina marginata, Globobulimina affinis, Globobulimina
Pyrula) indicative of a shelf depositional environment of Early Pleisto-
cene (Calabrian) age.

Below the coastal areas, this facies association is the distal expression
of the ‘Argille Azzurre’ Fm (Amorosi et al., 1998; Channell et al., 1994),
and coeval Mutignano Fm (Crescenti and D’amato, 1980) and Mon-
tesecco clays (Bracone et al., 2012). These units typically crop out at the
Apennine foothills between river valleys (Desiderio et al., 2007;
Geological Map of Italy at 1:50,000 scale, 2024a, 2024b, 2024c, 2024d,
2024e, 2024f, 2024g, 2024h, 2024i), and represent the Early Pleistocene
substrate. The second facies association (Sub 2 of Fig. 4b) consists of
gray silty clays, with cm- to dm intercalations of sand and overall
coarsening-upward trend (Fig. 4b, 35.5–34.5 m core depth). Shells and
mollusc fragments of marine species (predominant Corbula gibba and
Bittium reticulatum) are abundant and locally associated with vegetal
remains. The meiofauna content is abundant and characterized by
remarkable species richness typical of a shallow-marine environment
subject to moderate fluvial influence. This facies association is pre-
dominant within theMiddle-Pleistocene “lower valley fill” of the Biferno
paleovalley system (Amorosi et al., 2016b), and here is considered part
of the substrate (pre-LST). As also shown by Calderoni et al. (2010), Elmi
et al. (2003) and Longhitano et al. (2016), beneath the western Central
Adriatic coastal plain, the mud-dominated substrate is encountered at
highly variable depths.

4.1.2. Alluvial plain deposits
Three major alluvial facies associations are mostly representative of

this depositional system. The fluvial-channel facies (FC in Fig. 4), be-
tween 2 and 20 m-thick, consists of amalgamated gravel (Fig. 4a) to
gravelly sand (Fig. 4b) bodies with fining-upward trends (FU) and
erosional lower boundary, locally cutting into the older substrate
(Fig. 4a, ca. 51.4 m core depth). Gravels are poorly sorted with calcar-
eous rounded cobbles and pebbles generally embedded in a whitish silty-
sandy matrix (Fig. 4a). Fossils or vegetal remains are absent. Lithology,
poor sorting, presence of amalgamation surfaces and erosional bases are
consistent with deposition in a high-energy (likely braided) fluvial
environment (Bridge, 2006; Miall, 1992b). The channel-related facies
association includes levee and crevasse deposits that are composed of
sand-silt alternations containing roots and silty sand bodies (< 2 m
thick). Crevasse splays (Crs in Fig. 4a) exhibit coarsening-upward (CU)
trends and gradational lower boundaries (Allen, 1965; Collinson, 1996;
Longhitano et al., 2016), whereas crevasse channels (Crc in Fig. 4a)
show FU trends and sharp lower boundaries (Fig. 4, core-1 – Farrell,
2001; Burns et al., 2017; Ricci Lucchi et al., 2006). Wood and shell
fragments are scarce and include freshwater mollusc remains (Pisidium
sp. and Bithynia opercula). Well-drained floodplain deposits (WDFP in
Fig. 4b) consist of rooted and gray to brownish silty clay with yellowish
mottles (Fig. 4b). Pedogenic features, such as paleosols, can be observed
locally (Amorosi et al., 2016b; Ricci Lucchi et al., 2006), coherently with
diffused pedogenic alteration in floodplain deposits (Ghazi and Mount-
ney, 2009; Miall, 2013; Muller et al., 2004). Pocket penetration values
are invariably >2 kg/cm2. The well-drained floodplain facies is gener-
ally barren or contains at most a few shells of land molluscs (Pomatias
elegans, P. pygmaeum, Hygromiinae and Cernuella – Grano and Di Giu-
seppe, 2021) or scattered benthic and planktic foraminifers (Ricci Luc-
chi et al., 2006).
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4.1.3. Freshwater, organic-rich inner estuary/upper delta plain deposits
This depositional system includes four main facies associations. The

poorly-drained floodplain facies association (PDF in Fig. 4c), commonly
<1.5 m thick, is made of massive gray clay and silty clay (Fig. 4c).
Pedogenic features are absent and carbonate concretion are rare. Pocket
penetration values range between 1.0 and 1.8 kg/cm2. Only decom-
posed organic material can be locally observed as mm to cm-thick layers
(Fig. 4c). The fossil content includes shell fragments of pulmonate gas-
tropods (Pomatis elegans) and a freshwater fauna (Candona neglecta,
Ilyocypris spp. and Pseudocandona albicans). On the contrary, abundant
wood fragments and vegetal remains are characteristic of inner estuary
(Ie in Fig. 4c) or upper delta plain (uDP in Fig. 4c) deposits. These latter,
up to 9 m thick, are composed of very soft (Pp < 1 kg/cm2), dark to
brown clay with diagnostic peat layers at distinct stratigraphic intervals
(Fig. 4c). Inner estuary/upper delta plain deposits are dominated by
freshwater-hypoaline taxa, such as Pseudocandona albicans and Ilyocypris
species that can be observed in association with rare specimens of
euryhaline ostracods (Cyprideis torosa) and benthic foraminifers
(Ammonia tepida). For both poorly-drained and inner estuary/upper
delta plain clays, the combination of sedimentological characteristics
and meiofauna assemblages suggests low-energy and freshwater to low-
brackish depositional environments with variable (poorly-drained) to
permanent (Inner estuary/upper delta plain) waterlogging conditions,
typical of the inner sector of an estuary (TST) or upper delta plain (HST).

Distributary-channel and related crevasse/levee deposits share
several characteristics with their alluvial counterparts, such as lithology,
erosional to transitional lower boundaries and grain-size trends. How-
ever, distributary-channel bodies are commonly thinner and finer-
grained than fluvial-channel deposits.

4.1.4. Brackish water, outer estuary/lower delta plain deposits
This depositional system includes a wide range of brackish envi-

ronments generally located behind a barrier complex, but it is domi-
nated by the outer estuary facies association/lower delta plain (Oe/lDP
in Fig. 4c), up to 2 m thick, composed of very soft (Pp between 0.2 and 1
kg/cm2) gray clays (Fig. 4c, 17–16.3 m core depth). This facies is
characterized by a diagnostic brackish fauna tolerant to sudden changes
in salinity and organic matter content. The ostracod assemblage is
dominated by Cyprideis torosa, whereas euryhaline species, such as
Ammonia tepida and Ammonia parkinsoniana, prevail among forami-
nifera. Mollusc shell fragments of brackish speciments, such as Cera-
stoderma glaucum (Fig. 4c and Parlagreco et al., 2011) and A. segmentum,
are generally found within this facies association, which is invariably
representative of outer estuary (TST) or lower delta plain (HST) depo-
sitional environments. Silt and silty sand can be locally abundant within
stratigraphic intervals <1 m thick and showing CU trends that are likely
representative of a more distal (outer lagoon) environment (Fig. 4c,
11–10.35 m core depth). Bay deposits can be distinguished from outer-
estuary deposits based on microbenthic and meiofauna assemblages,
more typical of a shallow-marine environment moderately influenced by
riverine discharge such as a bay (Amorosi et al., 2023, their Fig. 5b, c;
Catanzariti et al., 2009, their interval 3).

4.1.5. Transgressive Barrier Island/Strandplain/Delta front deposits
This depositional system includes three main facies associations

characterized by high sand content. These facies can be distinguished on
the basis of grain size, thickness range, facies boundaries and fossil
content. The transgressive sand-sheet facies association consists of fine
to medium sand and gravel, about 2 m thick, with FU trend and
erosional lower boundary. Fossils are mostly reworked, with many

Fig. 4. Representative photographs of the Lower to Middle Pleistocene substrate and main facies associations identified in cores of the western Central Adriatic
coastal plain. a) Core 1: Fluvial channel (FC) gravels showing erosional lower boundary (red-wavy line) and fining-upward (FU) trend. Details of crevasse channels
(Crc) and crevasse splay (Crs) with FU and coarsening-upward (CU) tendencies, respectively. b) Core 2: well-drained floodplain (WDFP) clays unconformably
overlying shallow-marine substrate facies (Sub 2). Fluvial channel gravels with FU tendency and erosional base cutting into an older WDFP deposit. c) Inner estuary/
upper delta plain (Ie/uDP) and outer estuary/lower delta plain (Oe/lDP) main characteristics, with details on Cerastoderma glaucum shell within Oe muds and high
organic-matter content in Ie/uDP clays. d) Delta front (Df) and beach-ridge (Br) deposits with peculiar CU trend. Cores location in Fig. 1b. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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bivalve and gastropod shell fragments (Ricci Lucchi et al., 2006; Rossi
et al., 2024), and scarce and poorly preserved foraminiferal speciments
of Ammonia and Quinqueloculina (Catanzariti et al., 2009). The upper
shoreface/foreshore facies association (i.e., beach ridge; Br in Fig. 4d) is
made of yellowish, well-sorted fine to medium sand bodies (Fig. 4d) up
to 5 m thick, with sharp or erosive base (Ricci Lucchi et al., 2006).
Molluscs shell fragments are common (Parlagreco et al., 2011). The
mouth bar facies association (i.e., delta front or Df in Fig. 4d) consists of
fine to medium sand with rounded cobbles and pebbles, and gradational
lower boundary on the underlying prodelta muds and overall CU ten-
dency (Fig. 4d). Thickness values range between 5 and 14 m. Silty in-
tervals a few cm-to-dm thick can be found within sand packages and
plant debris are locally abundant. Within this facies association, no os-
tracods or foraminifera are commonly preserved and shells fragments
are scarce.

All these facies associations accumulated in high-energy nearshore
environments as part of back-stepping transgressive shorelines (trans-
gressive barrier deposits) or prograding delta systems (delta front and
beach ridge deposits).

4.1.6. Offshore/Prodelta deposits
This mud-dominated depositional system includes two main facies

associations. The first one is composed of bioturbated clay deposits, up
to 2 m thick. The fossil content shows a highly diversified meiofauna
typical of open-marine conditions that, along with lithological charac-
teristics are consistent with a relatively deep (i.e., inner shelf) envi-
ronment (Rossi and Vaiani, 2008; Rossi and Horton, 2009; Rossi et al.,
2024).

The second facies association consist of homogeneous gray clay, up
to 12 m thick. Silt intercalations are widespread. Organic matter and
vegetal remains can be locally observed. This facies association is
dominated by opportunistic foraminifers, ostracods and mollusc species

(i.e., Ammonia tepida, Ammonia parkinsoniana, Nonionella turgida, Turri-
tella communis, Varicorbula gibba) tolerant to important variations in
salinity, turbidity and nutrient flux that are specific to prodelta envi-
ronments (Asioli, 1996; Barbieri et al., 2019; Oldfield et al., 2003; Piva
et al., 2008b; Rossi et al., 2024; Van der Zwaan and Jorissen, 1991).

4.2. Seismic facies and depositional environments (offshore units)

4.2.1. Channel-belt deposits: sand bodies vs overbank muds
The inner-shelf succession shows high amplitude discontinuous and

irregular reflections with local small-scale, v-shaped incisions (Fig. 5),
reminiscent of amalgamated fluvial channel belts. When calibrated
through sediment cores, these seismic facies correspond to sand-silt
delta plain deposits (Gamberi et al., 2020). Channel-belt sand bodies
have average thickness of 10 m, and are laterally confined by high-
amplitude and continuous reflections that suggest the presence of fine-
grained overbank deposits (Fig. 5; Pellegrini et al., 2018) diagnostic of
distal flood-plain environments (Blum et al., 2013).

4.2.2. Shoreface and deltaic deposits
On the mid-shelf, high amplitude chaotic and dipping reflections

highlight preserved subaerial sandy-silty deltaic progradation. Along a
dip-oriented profile and offshore the main Apennine river mouths, the
seismic facies changes to high amplitude discontinuous and chaotic
dipping reflections with local v-shaped incisions (Fig. 5), suggesting the
presence of delta-scale sandy-silty deposits characterized by amalgam-
ated distributary channels (Pellegrini et al., 2018). Shoreface and deltaic
deposits show macrofossil assemblage consisting of shallow-water taxa
(Fig. 5; Gamberi et al., 2020; Scarponi et al., 2022) and display average
thickness of 15 m (Fig. 5).

Fig. 5. Seismic facies observed in seismic profiles, with internal configuration and inferred depositional environment. Red arrows highlight toplap terminations. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.2.3. Offshore subaqueous deposits
On the outer shelf, the succession is characterized by high-to-low

amplitude, continuous reflections with sigmoidal clinoform configura-
tion (Fig. 5). The geometry of the clinoform varies along the Central
Adriatic shelf with gradient values of dipping clinoforms that change
from 0.5◦-1◦ and with clinoforms topsets that become steeper and nar-
rower (Fig. 5). Sediment cores retrieved along-dip transects documented
the muddy nature of the clinoforms and the presence of ecozones typical
of mud belt environments (Cattaneo et al., 2003). The terrestrial organic
matter shows a scattered distribution and is mainly confined in hotspots
close to river entry points and recording high rates of sediment burial
with minimal reworking (Pellegrini et al., 2021). Overall, the offshore
subaqueous deposits attain >30 m of thickness and show depocenters
elongated parallel to the coast and confined landward, as a result of
sediment advection from riverine input (Cattaneo et al., 2007; Frignani
et al., 2005; Nittrouer et al., 2004; Palinkas et al., 2005; Pellegrini et al.,
2015, 2024; Puig et al., 2007; Sherwood et al., 2015). Locally, older
(pre-LST) clinoforms show an overall oblique-tangential configuration
with marked toplap and downlap terminations in the foreset and bot-
tomset, respectively (Fig. 5).

5. Onshore-offshore correlation

Despite the noise in the seismic signal due to the presence of biogenic
gas in shallow waters (< 20 m; D-D′ cross-section in Fig. 3), the large
amount of high-resolution stratigraphic data available allowed onshore-
offshore correlations with a high degree of confidence. The stratigraphic
panels of Figs. 6 and 7 show the along-dip facies architecture and
sequence stratigraphic interpretation of three selected catchment-to-
shelf transects representative of the western Central Adriatic along the
Pescara (Fig. 6), Tronto and Biferno (Fig. 7) river systems. All transects

are parallel to the river valley axes and extend basinwards on the shelf
down to about 130 m depth (Fig. 1b for location). As we aim at the
identification of potential low-salinity aquifers stored in the shelf likely
corresponding to amalgamated fluvial gravel and sand bodies that
accumulated under lowstand conditions (Post et al., 2013; Sheng et al.,
2023), we mostly focused on the shelfal portion that experienced sub-
aerial exposure during the LGM (i.e., ca. first 120 m b.s.l., Fig. 1b for
location).

5.1.1. The Pescara transect
The Pescara transect (Fig. 6), about 70 km long, extends from the

river valley (altitude ca. 20 m a.s.l.) to the coastal plain and to the outer
shelf down to about 160 m b.s.l. (Fig. 6). Subsurface stratigraphy in the
coastal plain relies upon the recent work of Campo et al. (2022), inte-
grated by stratigraphic data from the Abruzzo Geological Survey, and
previous information from Desiderio et al. (2007). The offshore recon-
struction is based on the integration of well-logs, core, seismic and
chronological data from previous studies (Cattaneo et al., 2007; Gam-
beri et al., 2020; Maselli et al., 2011; Pellegrini et al., 2018).

In the onshore part of the transect, an unconformity surface can be
continuously tracked for about 30 km. This surface, marks the abrupt
facies shift from Lower Pleistocene marine clays of the Mutignano For-
mation (i.e., substrate) to significantly younger continental deposits,
assigned to the Last Glacial Maximum (29–19 cal kyr BP), and likely
formed during the latest stages of sea-level fall (MIS 3/2 transition). For
this reason, this surface is interpreted to represent the sequence
boundary (SB; Fig. 6). In the upstream sector of the valley (55 to 25 m a.
s.l., Fig. 6), amalgamated, lowstand fluvial gravel bodies, up to 20 m

Fig. 6. Stratigraphic panel illustrating onshore-offshore facies architecture from the Pescara River valley to the Central Adriatic shelf, with a focus on the last 30 kyr
and sequence stratigraphic interpretation (LST: lowstand systems tract; TST: transgressive systems tract; HST: highstand systems tract). Red arrows mark the
erosional truncation and onlap terminations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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thick, crop out above the substrate in proximity of the modern Pescara
riverbed (Fig. 6). Seawards, these fluvial gravel deposits exhibit a
characteristic aggradational stacking pattern and correspond to the
basal portion of the Pescara paleovalley fill: they can be traced in the
subsurface at progressively increasing depths where their thickness de-
creases to 10 m (Fig. 6). Scarcity or lack of associated crevasse, levee or
well-drained floodplain deposits at this stratigraphic level suggest
repeated episodes of fluvial erosion in a high-energy (braided?) fluvial
regime, due to the lateral migration of the river in the narrow valley.
Fluvial erosion possibly led to the complete removal of fine-grained
sediment that was transferred further seawards into the deep basin
(Pellegrini et al., 2017a).

In the offshore sector, the same erosional unconformity recognized
from core data can be identified and continuously traced for tens of kms,

down to about 160 m b.s.l. (Fig. 6). The SB is highlighted by truncations
and toplap terminations of the underlying reflections and by onlap re-
flections terminations above (Fig. 6). This surface is highlighted by a
sharp seismic facies change from highly continuous reflections of the
pre-LST, below, to discontinuous and chaotic reflections of the overlying
LST (Fig. 6). Whereas the former unit corresponds to the fine-grained
offshore deposits of the pre-LST (FSST of Cattaneo and Trincardi, 1999
and Trincardi and Correggiari, 2000), the latter represents the seaward
correlative of the lowstand fluvial deposits that floor the Pescara pale-
ovalley onshore. Thickness around 10 m, and lateral continuity of about
30 km of this seismic unit (at ca. 120 b.s.l. - Fig. 6) are also consistent
with the characteristics of its onshore counterpart. Basinward, below
120m b.s.l., this unit is in lateral transition with a seismic facies showing
low to high amplitude dipping and continuous reflections and

Fig. 7. Stratigraphic panels illustrating the onshore-offshore facies architecture from the a) Tronto and b) Biferno coastal plains to the Central Adriatic shelf, with a
focus on the last 30 kyr and sequence stratigraphic interpretation (LST: lowstand systems tract; TST: transgressive systems tract; HST: highstand systems tract). Red
arrows mark the erosional truncation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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interpreted as offshore muds (Figs. 6 and 5). This latter unit thickens
downdip from about 10 m to 30 m in the most distal part of the transect
(Fig. 6). The occurrence of a 10 m-thick fluvial gravel body, between 50
and 60 m b.s.l., about 2 km off the Pescara coast (well log “Frt001”;
Fig. 6), strongly supports the stratigraphic correlation between the
onshore and offshore sectors. Comparable seismic facies and related
coarse grained-fluvial deposits have been reported from the Adriatic
shelf north of the MAD, where coastal plain deposits of the Po River
lowstand delta accumulated between 31.8 and 14.4 cal kyr BP (Pelle-
grini et al., 2018).

Along the Pescara coastal plain and the proximal part of the Adriatic
shelf, the lowstand fluvial unit is overlain by a laterally continuous,
mud-dominated succession (TST + HST) identified through the whole
onshore-offshore transect (Fig. 6). This succession, which is up to 40 m
thick, progressively thins out basinwards (Fig. 6). Core data from the
onshore sector show that this unit consists almost entirely of silt and
clay, interpreted as alluvial (well-drained floodplain) to estuarine
(poorly-drained floodplain and swamp) facies. These fine-grained de-
posits are in lateral transition to discontinuous barrier-lagoon systems,
shallow-marine, prodelta and mud-belt facies on the shelf (Fig. 6 and
Cattaneo and Trincardi, 1999; Cattaneo et al., 2007). Lens-shaped
fluvial-channel bodies encased in estuarine muds of latest Pleistocene
age are found above the multi-storey lowstand unit (see core Marconi
and well log Frt001 in Fig. 6). The vertical transition from amalgamated
gravel bodies to finer-grained estuarine deposits with isolated channel
bodies marks a major phase of channel abandonment, interpreted as the
boundary between the LST and lower TST (i.e., the transgressive surface
or TS). This abrupt lithofacies change at the fluvial-estuary transition
and the concurrent variation in fluvial-channel geometry suggest evo-
lution of the fluvial system into a meandering alluvial plain, in response
to the post-glacial sea-level rise that followed Melt Water Pulse (MWP) 1
A (Maselli et al., 2011; Vacchi et al., 2016; Zecchin et al., 2015). Based
on stratigraphic correlation with the Po River lowstand wedge (Gamberi
et al., 2020; Pellegrini et al., 2017a, 2018), the TS in offshore position
marks the top of the lowstand fluvial body (Fig. 6). The sharp facies
change from fluvial to shallow-marine (offshore) muds highlights the
sudden drowning of the shelf, and the following backstepping of the
shoreline (Figs. 6–7). Early TST estuarine deposits onshore are correla-
tive basinwards with a prominent prograding sedimentary wedge, up to
15 m thick, identified between 80 and 110 m b.s.l. (Fig. 6). This wedge
shows seaward dipping internal reflectors and consists mainly of
offshore muds containing sharp-based sand layers, as also suggested by
high-values of saturation isothermal remanent magnetization (SIRM) in
the basal part of core PRAD 2–4 (Vigliotti et al., 2008). For this pro-
grading unit, benthic foraminifera and the mollusc fauna are consistent
with a shallow-marine (< 30 m) depositional environment (Maselli
et al., 2011) locally subjected to a fluvial (deltaic) influence (Cattaneo
and Trincardi, 1999). 14C ages available for the uppermost part of this
unit (Fig. 6; Vigliotti et al., 2008) link this interval to a period of overall
rapid sea-level rise (i.e., between MWPs 1 A and 1B) and increasing
sediment input to the basin, as documented by the correlation with
pollen spectra from the deep basin (Asioli et al., 2001; Oldfield et al.,
2003).

The early Holocene succession, between about 11.5 and 8.0 cal ky
BP, records the final phase of sea-level rise that followed MWP 1B (Bard
et al., 1996) and thus represents the late TST. It is dominated, both
onshore and offshore, by fine-grained facies (Fig. 6). Beneath the mod-
ern Pescara coastal plain (core Marconi, Fig. 6), the late TST is essen-
tially an incised-valley fill about 25 m thick, that records the
backstepping of a wave-dominated estuary under eustatic forcing. The
upper valley fill exhibits upward increasing marine influence, with the
vertical transition from poorly-drained floodplain facies to swamp
organic-rich clays (inner estuary) and brackish deposits (outer estuary;
Fig. 6). The maximum flooding surface (MFS; Fig. 6) coincides with the
maximum landward migration of the barrier-lagoon systems, around
8.0 cal kyr BP (Fig. 6).

Offshore, the late TST consists almost entirely of bioturbated marine
mud, as revealed by planktonic foraminiferal assemblages (Maselli et al.,
2011). This unit, up to 25 m-thick (Fig. 6) and dated between about 10.8
and 7.0 cal kyr BP, displays acoustically transparent to faintly laminated
seismic facies, with low amplitude and high-continuity reflectors (Fig. 6,
Cattaneo and Trincardi, 1999). The MFS coincides with a prominent
downlap surface (Fig. 6), characterized by an interval of condensed
deposition (Amorosi et al., 2016a).

Middle-late Holocene (HST) deposits (post-8.0 cal kyr BP) onshore
display a characteristic shallowing-upward trend (Fig. 6) that reflects
transition from an estuarine environment to a deltaic depositional sys-
tem made up of brackish lagoons that were replaced by freshwater
swamps, poorly-drained floodplains, and eventually by the modern
coastal plain. Offshore, above the downlap surface (Fig. 6), HST displays
an aggradational-progradational stacking pattern that reflects the late
Holocene progradation of fluvio-deltaic systems (Cattaneo et al., 2007;
Correggiari et al., 2005a, 2005b), as revealed by the occurrence of an up
to 25 m-thick subaqueous delta prograding onto the shelf (Cattaneo
et al., 2003) that correlates with coeval delta plain facies onshore.

5.1.2. Tronto and Biferno transects
Two additional transects, exceeding 30 km in length (Fig. 7a, b),

were built north and south of Pescara (Tronto and Biferno river systems,
respectively) to reconstruct the catchment-to-shelf facies architecture
along the western Central Adriatic area. To avoid redundant concepts
and descriptions, only the main similarities and differences between the
two systems will be highlighted here. For both systems, the lower data
coverage compared to the Pescara transect prevented from recon-
structing stratigraphy in the proximal part of the valleys, as well as in
very shallow shelf areas (10 km from the shoreline; Fig. 1b, for location).

Similar to the Pescara transect, Late Pleistocene amalgamated fluvial
gravel bodies unconformably overlie significantly older muddy strata
(Fig. 7a, b). In the Tronto system, the bedrock corresponds to Early
Pleistocene outer-shelf muds (Fig. 7a; Catanzariti et al., 2009; Curzi
et al., 2017), whereas in the Biferno coastal plain, the substrate (Fig. 7b)
consists mostly of Middle-Pleistocene shallow-marine mud or pedo-
genized floodplain clay (i.e., substrate). The erosional unconformity that
floors the Biferno paleovalley records the SB at the MIS 3/2 transition
(Amorosi et al., 2016b). Offshore, SB can be traced beneath the shelf into
the coeval “ESb surface”, an unconformity dated at 31.8 cal kyr BP
(Pellegrini et al., 2017b - Fig. 7a, b). Offshore the Tronto river mouth,
the SB shows truncation and toplap terminations of the underlying re-
flections, and onlap reflection terminations above (Fig. 7a).

Aggradationally-stacked LST fluvial bodies onshore are correlative
with offshore seismic units chronologically constrained between 31.8
and 14.4 cal kyr BP with progradational to aggradational stacking
pattern (Pellegrini et al., 2018), showing high-amplitude discontinuous
reflections (Fig. 7a) and low-amplitude chaotic strata (Fig. 7b). These
seismic features are characteristic of coarse-grained fluvial deposits
(Fig. 5 and Pellegrini et al., 2018; Gamberi et al., 2020). For this reason,
lowstand units in the shelf area are tentatively interpreted as the distal
portion of the fluvial-channel belts hosted at the base of the Apennine
paleovalleys. Along the Tronto transect the lowstand fluvio-deltaic unit
thickens considerably offshore, up to 20 m (Fig. 7a). The prograding
lowstand deltaic unit pinches out about 30 km offshore the modern
shoreline, at the transition with lowstand fine-grained subaqueous muds
between 100 m and 120 m b.s.l. (Fig. 7a). In contrast, in the Biferno
transect, the laterally continuous (about 26 km) fluvial body is about 8
m thick, and wedges out basinwards around 120 m b.s.l. (Fig. 7b).
Inherited morphology appears to be the key controlling driver of such an
unusual geometry, though most likely also tectonic activity played an
important role (Ridente and Trincardi, 2006).

Above the lowstand fluvial unit, the stratigraphic architecture re-
cords an overall upward increase of marine influence (TST), with sig-
nificant similarities among Tronto, Biferno (Fig. 7a, b) and the Pescara
areas (Fig. 6) in terms of lithology, facies architecture, stacking patterns,
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chronology and thickness distribution. In the onshore sectors, the abrupt
facies change from amalgamated fluvial bodies to overlying mud-prone
successions with isolated fluvial-channel bodies coincides with the
transgressive surface (TS). This latter is slightly diachronous, being
invariably younger (Fig. 7a, b) than 14.4 cal kyr BP in offshore position,
within the MAD basin (Pellegrini et al., 2018). The Biferno and Tronto
paleovalley fills, despite their markedly different thicknesses (about 21
and 6 m, respectively) show a similar transition from alluvial to estua-
rine strata of early Holocene age. Well-drained floodplain clays are
progressively replaced by inner-estuary (poorly drained and freshwater
swamp) facies associations and then outer-estuary to barrier-beach de-
posits (Fig. 7a, b). In the study areas, seismic reflections suggest ho-
mogeneous prodelta muds thinning out basinwards (Fig. 7a, b).

The age of the MFS in the Biferno coastal plain is consistent with the
age (about 8.0 cal kyr BP) documented for the Pescara transect (Figs. 6
and 7b). A decreasing marine influence typifies middle-late Holocene
HST deposits in the onshore sectors, where shallow-marine and lagoonal
clays are overlain by fluvio-deltaic deposits of the modern coastal plain
(Fig. 7a, b). Offshore, two prograding sedimentary wedges, up to 30 m-
thick and made up of prodelta muds, cap both sedimentary successions
(Fig. 7a, b).

Overall, TST and HST form an up to 42 m-thick sedimentary wedge
mostly composed of fine-grained deposits that thin out basinwards
(Figs. 6 and 7).

5.2. Systems tract thickness maps

Stratigraphic panels in Figs. 6 and 7 are well representative of the
late Quaternary facies architecture in the western Central Adriatic, from
river catchments to the shelf, and document the lateral transition from

fluvial to marine environments (between 100 m and 140 m b.s.l.) during
the LGM sea level lowstand. These three transects, however, cannot
depict the entire three-dimensional complexity of the stratigraphic
succession. To provide an overview of spatial facies distribution and
accumulation patterns at the systems tract scale, highlighting source-to-
sink dynamics and changes in sediment pathways, fluvial coarse-grained
deposits (LST) and overlying fine-grained units (TST + HST) were
mapped across a 5600 km2 wide area of the western Central Adriatic
shelf (Figs. 8–9 and Fig. 1b). Although lowstand depocenters are thickest
in slope and basin sectors (up to 350 m in the MAD, Pellegrini et al.,
2018), these areas have been intentionally excluded from the maps
because of their typical fine-grained lithology (Cattaneo and Trincardi,
1999; Pellegrini et al., 2018) and inherently high salt-water content that
is incompatible with OFG reserves (Sheng et al., 2023). Mapping oper-
ations relied upon published and unpublished data from several tens of
high-resolution chirp and sparker profiles available for the whole Cen-
tral Adriatic shelf (Fig. 1b).

5.2.1. LST thickness map
Fig. 8 shows the total thickness of LST deposits in the western Central

Adriatic shelf, between 0 and about 110 m b.s.l. (Fig. 1b for location). As
a whole, LST is thickest in the northern sector, close to the MAD basin
(Fig. 8). North of the MAD, two main depocenters with overall NW-SE
orientation display maximum thickness of about 60 m (Fig. 8) and can
most likely be ascribed to the lowstand Po Delta system (Pellegrini et al.,
2018). The main depocenter, in the easternmost sector (Fig. 8), is
probably linked to the main river channel, whereas a secondary depo-
center to the west records the influence of a minor distributary channel
(Pellegrini et al., 2018). West of the MAD, the LST thins gradually to-
ward the modern coastline, from about 25 m to 20 m offshore (Fig. 8).

Fig. 8. Net thickness map (in meters) of lowstand systems tract (LST), from the Tronto, Pescara and Biferno coastal plains to the basinward limit of the LGM fluvial
systems, across the western Central Adriatic shelf. Orange arrows: Apenninic catchment sediment provenance; green arrows: Po catchment sediment provenance;
white arrows: orientation of the two main Po depocenters. Apennine glacier extent (after Giraudi, 2017). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Sediment packages further thin out upstream, where LST sediment dis-
tribution is characterized by a clear ramification pattern in coincidence
with Apennine river valleys (Fig. 8). This configuration suggests
continuous progradation and aggradation of lowstand river systems
triggered by glacio-eustatic forcing, with increased sediment delivery at
fluvial mouths. Themain depocenters, up to 25m-thick, show overall W-
E direction, and likely were generated by the Vomano and Tronto rivers
(Fig. 8). Distally, these two depocenters coalesce and display a distri-
bution slightly elongated in a NW-SE direction (Fig. 8), suggesting
possible sediment redistribution along the LGM shoreline by marine
processes. A third, prominent sedimentary entry point, elongated in NW-
SE direction, coincides with the confluence of three minor river systems
(Ete Vivo, Aso and Tesino), north of Tronto River (Fig. 8).

Southwards, the Pescara River mouth represents another important
sediment entry point (Fig. 8). A narrow stripe of LST deposits, exceeding
10 m in thickness, spreads out from the Pescara paleovalley system, to
possibly intercept additional sediment delivered by the Saline and
Piomba rivers (Fig. 8). South of the Pescara River, the confluence of the
Foro and Sangro river systems produced a 5–10 m thick LST deposit
(Fig. 8). Its S–N elongated pattern is coherent with a northward flow
direction for these rivers and their possible mixing with other systems
before reaching the MAD (Fig. 8). In the southernmost sector, LST is
generally 5–10 m thick (Fig. 8). Lower thickness values (< 5 m) are
recorded between the two main depocenters, north of the Gargano
Promontory, around the Tremiti High (Fig. 8; Cattaneo and Trincardi,
1999; Correggiari et al., 1992; Maselli et al., 2011). This morphological
feature of tectonic origin strongly affected lowstand sediment accumu-
lation in this area. Because of the Tremiti High morphological barrier,
the Fortore River probably flowed in a NE direction across the shelf,
north of the modern Lesina and Varano lakes, and nourished the east-
ernmost LST depocenter (Fig. 8). Stratigraphic data from the Lesina
cored succession, east of the modern Fortore delta plain, strongly

support this interpretation (Longhitano et al., 2016; Ricci Lucchi et al.,
2006). Additional material might have been supplied by a secondary
river network draining the Gargano Promontory (Fig. 8). West of the
Tremiti High, the largest depocenter of the southern area is filled by a
fan-shaped sedimentary body that thins out downdip, with average
thickness of 10 m (Fig. 8). Biferno River, one of the largest rivers in this
area along with Fortore River, likely acted as the major sediment entry
point to the shelf for this laterally extensive lowstand deposit. North of
Biferno River, Trigno River supplied a considerable amount of coarse-
grained material (Fig. 8). The shelf-scale spreading of LST fluvial de-
posits (Fig. 8) could be due to the abrupt topographic break between the
low-gradient shelf and the high-gradient river valleys, accompanied by a
high sediment flux from the Apennine catchments. Therefore, on the
modern shelf, an intricate network of interconnected fluvial channels
systems formed because of the merging of several Apennine river sys-
tems, similar to coeval braid plains documented worldwide (Blum et al.,
2000; Kasse et al., 1995; Kozarski, 1991; Leigh et al., 2004; Panda et al.,
2022; Saucier, 1994).

The greater thickness recorded in the northern sector compared to
the southern area could reflect increased erosional activity by glaciers
that covered the highest peaks of the Central Apennines during the LGM
(Fig. 8; Giraudi, 2017). Post-glacial melting of Central Apennine glaciers
likely caused further erosion, which enhanced sediment accumulation in
the valleys and on the shelf. On the other hand, glaciers were absent in
the southern sector of the Apenninic chain. In addition, the calcareous
lithotype of the Gargano Promontory and associated karstic phenomena
may have hindered the production and subsequent delivery of silici-
clastic sediments to the shelf.

5.2.2. TST + HST thickness map
Fig. 9 displays the cumulative thickness of TST and HST from the

three selected river catchments (Tronto, Pescara, and Biferno) to the

Fig. 9. Cumulative net thickness map (in meters) of transgressive systems tract (TST) and highstand systems tract (HST), from the Tronto, Pescara and Biferno coastal
plains to basinward limit of the lowstand fluvial systems, across the western Central Adriatic shelf.
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distal segments of the western Central Adriatic shelf. Mud-prone, marine
and prodelta facies associations represent transgressive and highstand
strata on the shelf, with maximum thickness exceeding 80 m close to the
modern coastline (Fig. 9). Transgressive and highstand marine muds are
thinner (< 10 m) at basinward locations (Fig. 9). In the onshore sector,
paleovalley systems include the thickest TSTs, with cumulative TST +

HST thickness of about 40 m for the Pescara River, and about 30 m for
the Biferno and the Tronto rivers (Fig. 9). Far from the axes of the coastal
paleovalleys, above the interfluves, the thickness of TST + HST is
invariably lower than 10 m (Fig. 9).

The overall sediment distribution of TST + HST (Fig. 9) differs
substantially from the LST configuration (Fig. 8): for example, north and
west of the MAD basin, thickness is <10 m (Fig. 9). In the south, like for
LST, the thinnest (< 10 m) portion coincides with the Tremiti High
(compare Figs. 8 and 9).

Spatial thickness variations of TST and HST deposits are consistent
with the stratal geometries and stacking patterns documented in Figs. 6
and 7. Particularly, vertically-stacked retrogradational (TST) and
aggradational-progradational (HST) successions (Figs. 6 and 7) result in
higher sediment supply to the proximal parts of the system (Fig. 9).
Whereas transgressive sedimentation on the western Adriatic shelf was
mostly influenced by the stepwise post-glacial sea-level rise, with sedi-
ment entry points (i.e., fluvial mouths) progressively being drowned and
moved landwards (Storms et al., 2008), HST sediment accumulation is
mainly ascribed to progradation of deltaic systems under a prevailing
autogenic control (Amorosi et al., 2017b). The accumulation of the
laterally continuous and shore-parallel late Holocene (HST) subaqueous
delta (Correggiari et al., 2001; Cattaneo et al., 2003) accounts for the
greatest thickness of TST + HST close to the shoreline (Fig. 9). This
subaqueous delta formed in response to the prevailing coast-parallel
sediment transport from the main sediment entry point in the north
(Po Delta) and the sequestering of sediment delivered from a multitude
of western Apennine rivers (Cattaneo et al., 2003, 2007). As a whole,
lowstand, coarse-grained fluvial deposits (Fig. 8) are invariably buried
beneath thick, fine-grained TST and HST muds across the entire shelf
(Fig. 9).

6. Sediment budget

6.1. Approach

In the Adriatic Sea, a few studies (Brommer, 2009; Brommer et al.,
2009; Weltje and Brommer, 2011) have focused on sediment budget
analysis of prodelta deposits. Mass-accumulation rates were derived by
means of stochastic simulations, through combined analysis of seismic
data, porosity profiles and radiocarbon dating. An estimation of sedi-
ment volumes based on sequence-stratigraphic concepts and basin-scale
correlation was attempted by Amorosi et al. (2016a), who provided
sediment volumes stored in each systems tract over the entire Po-
Adriatic Basin, with a decreasing level of uncertainty from the LST to
the HST. Despite inevitable approximations, this sequence stratigraphic
approach clearly documented how the main sediment storage areas
shifted through time across different segments of the source-to-sink
system (alluvial plain, coastal area, continental shelf, and the deep
MAD basin). To further develop an integrated S2S and sequence strati-
graphic approach for OFG exploration at the continental shelf scale, we
estimated sediment volumes of the major lithofacies associations
(gravel/sand versus mud), based on the spatial facies distribution and
accumulation patterns of Figs. 8 and 9. Being aware that lateral facies
variability is intrinsic to all sedimentary successions because of their
depositional dynamics (Bridge, 2006; Cattaneo and Steel, 2003; Hel-
land-Hansen and Gjelberg, 1994; Miall, 1988; Pellegrini et al., 2024;
Zecchin, 2007), we focused on the bipartition between potential reser-
voir/aquifer units (LST) made up primarily of coarse-grained (porous)
fluvial deposits, and the seal (TST + HST), which includes predomi-
nantly fine-grained (poorly permeable) estuarine to marine sediments.

The shelf is an area of complex sediment mixing from distinct sour-
ces, especially in multi-source supplied systems, such as the Western
Adriatic Sea. As incorrect assessment of source areas may generate un-
realistic estimates of sediment routes, and consequently flux, we stress in
this section the potential of sediment provenance analysis based upon
bulk-sediment geochemistry as a powerful tool for reconstructing sedi-
ment pathways, and thus contribute to sediment budget modelling
(Amorosi et al., 2022).

6.2. Systems tract volumes and sediment budget partitioning on the
western Central Adriatic shelf

We estimated decompacted sediment volumes, at the systems tracts
scale (LST vs TST + HST), stored in the catchment-to-shelf sector
analyzed in this study, and shown in the same area (about 5600 km2)
illustrated in the maps of Figs. 8 and 9. LST is characterized by a total
volume of 57.2 km3, consisting mainly of gravel and sand fluvial-
channel belt bodies, as shown by sedimentological and geophysical
data coupled with stratigraphic correlation and mapping (Figs. 6, 7 and
8). Considering the areal extent of the lowstand Po channel belt and its
average sediment volume of 50 km3 (Amorosi et al., 2016a), rough
volumetric contribution to the LST total volume in the western Central
Adriatic shelf (Fig. 8) possibly do not exceed 5 km3. This implies that the
largest part of LST (approximately 52 km3) has been supplied to the
investigated catchment-shelf sector (Fig. 8) by Apennine river catch-
ments. The western Apennines alone delivered sediment volumes com-
parable to those of the lowstand Po River between 31.8 and 14.4 cal kyr
BP. Dividing the sediment volume of presumed Apennine provenance (i.
e., 52 km3) by the duration of the LST yields a sediment accumulation
rate of 2.88 km3/kyr from Apennine sources. Similarly, the accumula-
tion rate assessed for the Po channel belt is 4.16 km3/kyr. This value
suggests that the larger catchment of the Po River during the lowstand
was able alone to supply more sediment than the sum of the other
smaller Apennine rivers (Fig. 8). It should be noted, however, that many
tributaries to the lowstand Po River north of the MAD basin were indeed
from the Apennines (Amorosi et al., 2016a; Pellegrini et al., 2017a).
Sediment patterns (Fig. 8) and volume calculations for LST in this sector
of the Central Adriatic shelf are consistent with the models sketched by
Sømme et al. (2009; their Fig. 9). These authors showed that during
lowstand periods rivers tend to merge into larger river systems, resulting
in increased sediment flux (Mulder and Syvitski, 1996). Since river
catchments and the slope are generally connected, the largest sediment
volumes (particularly, fine-grained sediment) are directly transported to
the deep basin, as shown for the Adriatic slope and MAD basin by Pel-
legrini et al. (2018) with about 475 km3. Although the assessed volume
of 57.2 km3 for the catchment-shelf portion (Fig. 8) represents only 12%
of its equivalent basinal counterpart, it consists mainly of coarse-grained
deposits, and thus may constitute a potential reservoir. The cumulative
sediment volume for the mud-dominated TST and HST is 130 km3. This
value is representative of the last 14.4 kyr, suggesting an average sedi-
mentation rate of 9.28 km3/kyr for the investigated catchments-to-shelf
area, averaging out also the intervals of reduced deposition at the time of
the MFS and other minor flooding surfaces. Basin-scale calculations
(Amorosi et al., 2016a) indicated sediment volumes of about 185 km3

(TST) and 140 km3 (HST) for the continental shelf. Considering the
cumulative TST + HST value of 325 km3 in 18,000 years, the average
sedimentation rate is 18 km3/kyr. This higher value could reflect a
broader area, extending to the entire North Adriatic shelf. This latter is
characterized by an almost flat shelf morphology compared to the
Central Adriatic (Cattaneo et al., 2007) and includes transgressive bar-
rier island systems (Correggiari et al., 1996b; Storms et al., 2008), small-
scale incised valleys (Ronchi et al., 2018) and the modern Po Delta
system (Correggiari et al., 2005a, 2005b), the most important entry
point for sediments into the Adriatic Sea (Cattaneo et al., 2003).

The sedimentation rate assessed for the transgressive and highstand
units in the western Central Adriatic shelf (9.28 km3/kyr) is about three
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times larger than the value obtained for lowstand fluvial deposits of
Apennine provenance (2.88 km3/kyr). This value, along with sediment
patterns in Fig. 9 (TST+HST) is also consistent with the model proposed
by Sømme et al. (2009) for periods of sea-level rise or highstand, when
catchments and slope are disconnected. During these periods, larger
amount of sediment, mostly fine-grained, can be stored in the shelf
rather than in the deeper slope and basin settings (Fig. 9), as effectively
documented by Amorosi et al. (2016a). They assessed a total sediment
volume of about 325 km3 for the Adriatic continental shelf against about
40 km3 for the MAD basin during the last transgression and following
highstand.

6.3. Unravelling sediment mixing in the western Central Adriatic Sea by
bulk-sediment geochemistry

The reconstruction of the sediment routing system through seismic
stratigraphic analysis (Figs. 8 and 9) is largely supported by sediment
provenance characterization of eight Adriatic shelf cores (Fig. 1b),
which allowed tracing detrital signatures and transport pathways in a
consistent manner through the western Central Adriatic shelf. In the Cr/
V diagram of Fig. 10, modern fluvial samples from the Po River (light
gray dots) and Central Apennine rivers (dark gray dots) form two
distinct, straight lines that reflect sediment supply from two separate
source areas, here used as compositional end-members for the Po-
Adriatic system. High Cr values have been typically interpreted to
reflect erosion of Cr-rich ultramafic rocks exposed in the Po River
catchment (Amorosi and Sammartino, 2007). Whereas, relatively lower
Cr concentrations are invariably recorded where sediment supply is
from ophiolite-free, Apennine sources. The positive correlation between
Cr and V across both provenance domains reflects particular element
concentrations within progressively finer sediment fractions. The highly
contrasting (ultramafic versus non-ultramafic) geochemical signature of
the Po and Central Apennine rivers catchments is clearly reflected in the
trace-element composition of lowstand, channel-belt sand bodies from
the Po and Pescara paleovalleys onshore (Fig. 10). These LST deposits,
consistent with their modern counterparts, show relatively high (Po
River) and negligible (Central Apennines) Cr values, respectively. The
remarkably lower V content of lowstand deposits compared to modern

fluvial-channel bodies reflects typically coarser grain sediment of the
LST channel belts.

On the Adriatic shelf, the relatively low Cr values observed within
lowstand deposits from the central (PAL94–8, PAL94–9) and southern
(RF93–56, RF93–75, YD97–13) parts of the study area, and their
remarkable overlap in composition with Central Apennine river sam-
ples, suggest that conspicuous detrital input to the shelf was supplied
during the Last Glacial Maximum from transversal (Apennine) sources,
as shown in Fig. 8. On the other hand, a mixed, Apennine-Po River
composition is apparent for core samples from the northern part of the
study area (AN97–36, AN97–31). Finally, one Cr-rich sample from core
LSD_26 (close to theMAD) documents strong compositional affinity with
ultramafic-rich detritus, revealing a possible longitudinal dispersion,
with Po River as the major feeding source to the MAD (Lucchini et al.,
2003; Pellegrini et al., 2018; Pigorini, 1968; Weltje and Brommer,
2011).

7. New frontiers for sequence stratigraphy and S2S analysis:
offshore freshened groundwater exploration

Despite the growing interest worldwide upon offshore freshened
groundwater (OFG), exploration research still lacks a robust strati-
graphic methodology aiming at the identification and characterization
of siliciclastic OFG reservoirs. Major knowledge gaps on OFG include
estimates of reservoir geometry and size, as well as understanding the
control exerted by the geological environment on OFG spatial distribu-
tion (Micallef et al., 2021). Potential OFG in shelf areas worldwide has
been typically identified in siliciclastic aquifers within 55 km from the
coast, in water depths<100 m (Micallef et al., 2021; Sheng et al., 2023).
These characteristics make the western Central Adriatic shelf (Fig. 1b) a
suitable location to test an exploration methodology based on integrated
sequence stratigraphy and S2S analysis.

In this study, the high-resolution sequence stratigraphic recon-
struction of post-LGM facies architecture along three catchment-to-shelf
transects (Figs. 6 and 7), coupled with detailed mapping of LST (Fig. 8)
and TST+HST (Fig. 9) thickness, forms the basis for the identification of
a potential, regionally extensive groundwater reservoir beneath the
western Central Adriatic shelf, corresponding to lowstand fluvial unit

Fig. 10. Scatterplot of Cr versus V from LST core samples of the western Central Adriatic area (in colour) and their comparison to modern fluvial sediment
composition (in gray). Po River and Central Apennine river sediments are used as compositional end-members.
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(Fig. 11).
In the subsurface of the western Adriatic coastal plains, lowstand

deposits stored in incised-valley fills represent the most widespread and
most exploited confined aquifers (Cavallina et al., 2022; Desiderio et al.,
2003, 2007; Molinari et al., 2007; Nanni and Vivalda, 2005; Palmucci
et al., 2016; Regione Emilia-Romagna, ENI-AGIP, 1998). However, their
offshore extent has never been documented. In this work, onshore-
offshore correlation based on high-resolution sequence-stratigraphic
analysis, allowed to document, for the first time, the basinward conti-
nuity of a confined coastal aquifer system (LST) beneath the modern
western Central Adriatic shelf (Figs. 8 and 11). This lowstand aquifer lies
tens of meters in the subsurface and is sealed by thick, mud-prone TST
and HST beds (Figs. 9 and 11). Despite intrinsic lateral facies variability
and heterogeneity at different scales (Bridge, 2001; Kelly, 2006), the LST
aquifer unit extends continuously off the modern coast for over 20 km
(Fig. 11, up to 30 km in Fig. 8) and is widespread across the proximal
sector (between 0m and 120m b.s.l.) of the whole Central Adriatic shelf,
with average thickness of about 10 m (Figs. 8 and 11). Spatial distri-
bution, lithology, geometry and lateral continuity (and consequent po-
tential sediment-bodies connectivity) invariably reflect the pattern of a
braided fluvial system (Miall, 1977) across the, at that time, subaerially
exposed, Adriatic shelf during lowstand sea level conditions. Braided-
systems reservoirs are generally characterized by very high sand-to-
gross ratios, commonly between 85% and 95% (Atkinson et al., 1990;
Bo et al., 2024; Conway and Valvatne, 2003; La Croix et al., 2019). These
values are fully consistent with our core and seismic data, and with the
latest braided facies model of Miall (2013) and Colombera et al. (2013).

Lowstand fluvial deposits onshore are typical freshwater reservoirs
that are exploited for human needs. However, water volumes and
salinity in their offshore counterparts are still poorly known with very
rare examples based on global scale modelling (Zamrsky et al., 2022),
and direct pore water measurements (Sheng et al., 2023). In this study,
stratigraphic reconstructions (Figs. 6, 7, 8 and 9) revealed that the LST
aquifer beneath the modern western Central Adriatic shelf is sand-
wiched between two mud-prone (i.e., low-permeability) successions
(Figs. 9 and 11): the lower confining unit includes pre-LGM deposits
(mainly offshore silty clays), whereas the upper confining unit mostly

coincides with latest Pleistocene-Holocene (TST + HST) estuarine to
marine mud. The remarkable thickness and lateral continuity of TST and
HST (Fig. 9) suggest that transgressive and highstand marine muds
should act as an effective permeability barrier against potential sea-
water intrusion even in the distal sector of the shelf, where both sys-
tems tracts gradually thin out (Figs. 9 and 11). This makes the LST a
confined aquifer at the scale of the entire western Central Adriatic shelf.
Sand bodies, such as isolated distributary channels or transgressive
beach barrier, may occur within the upper confining unit, but do not
make aquifer systems due to their limited thickness and very scarce
lateral continuity (Campo et al., 2020). On the other hand, highstand
and shore parallel beach ridges may represent unconfined aquifers, but
only in coastal sectors because of their shore-parallel lateral extent
(Fig. 11 – Desiderio et al., 2007; Giambastiani et al., 2021). These
coastal aquifers are floored by relatively thick estuarine/delta plain
(TST+ early HST) muds that generally hinder vertical fluid migration.
Locally, TST and HST sands can be thick enough to intercept LST de-
posits (as shown in Fig. 7b, core S16), thus potentially allowing HST and
LST aquifers connection. However, such a possibility is confined only to
the coastal sector where LST and HST aquifers may locally overlap, but it
is very unlikely on the shelf because of the backstepping configuration of
the TST coastal deposits, and because of the very limited offshore con-
tinuity of HST sand bodies (Figs. 11, 6 and 7 – Cattaneo et al., 2007).
Hydraulic connectivity and potential risk of water contamination surely
represent key aspects that needs to be addressed once the LST aquifer is
characterized in terms of water quality. Additional data, such as
pore-water samples and aquifer modelling should derive from upcoming
projects. For sure, high-resolution stratigraphy has shown its effective-
ness with the identification of one possible connection site (Fig. 7b,
S16). Petrophysical and hydraulic parameters of the potential LST
aquifer, such as porosity, permeability, and transmissivity are likely to
reflect the generally high-energy characteristics of the braided fluvial
environment under lowstand conditions.

Sediment volume assessments of the lowstand aquifer across the
western Central Adriatic area (Fig. 8) enable a preliminary estimate of
the potential groundwater storage. Based on all the available data and
high sand-to-gross ratio, we can reasonably assume that under the

Fig. 11. Three-dimensional view of the LST aquifer and its confining (fine-grained) units along the onshore-offshore Pescara transect (Fig. 1b for location).
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modern shelf, 85% (the lowest value of Bo et al., 2024) of the LST total
volume (57.2 km3) consists of porous unconsolidated sediments (i.e.,
gravel and sand). Considering an average effective porosity of 28.5% for
these lithologies (see Woessner and Poeter, 2020), the LST offshore
aquifer might retain about 13.85 km3 of groundwater. Of course, this is
just a preliminary and very gross estimate, with the main goal to draw
attention on such an alternative water resource. We are aware of the
many uncertainties in terms of aquifer heterogeneity (a common task to
groundwater studies) and, most importantly, of water quality. It is very
unlikely that OFG can be directly used as potable water, but total dis-
solved solids concentration values lower than sea water may represent a
cost-effective raw source for desalinization, for agricultural and indus-
trial purposes during severe water shortages (Sheng et al., 2023;
Zamrsky et al., 2022) or for the numerous water-scarce areas along the
Mediterranean coastlines (Bertoni et al., 2020; Lipparini et al., 2023).

The offshore Adriatic LST aquifer was probably recharged meteori-
cally at the time of its formation, between approximately 31.8 to 20 cal
kyr BP, when the Adriatic shelf was subaerially exposed (Fig. 2). At
present, the recharge of the LST aquifer beneath the modern coastal
plain is mainly ascribed to the infiltration of water from the Apennine
rivers, whereas recharge by rainfall is important especially in the up-
stream reaches of rivers (Nanni and Vivalda, 2005), where fluvial
gravels crop out (Fig. 11). Considering its stratigraphic continuity, it is
very likely that the offshore LST aquifer represents an actively
recharging system. This aspect is fundamental in terms of potential
exploitation, as only actively recharging systems can be sustainable
(Micallef et al., 2021). Under the constant threat of the ongoing climate
change, population growth, and consequent increasing need of fresh-
water, especially in coastal areas (UN-Water, 2020), low-salinity
offshore groundwater could represent a strategic resource in the near
future. In the northern Adriatic area, proof of low-salinity groundwater
stored below lagoonal and shallow-marine settings has been provided by
Teatini et al. (2011) and Tosi et al. (2017). Airborne electromagnetic
data also suggested the presence of freshwater beneath the Venice
Lagoon (Teatini et al., 2011), whereas the cemented beach rocks
exploited in patches by the coralligeneous encrusted at their surface,
was linked to the influence of less saline fluids related to subsurface
freshwater discharge from a sealed water table recharged onland (Tosi
et al., 2017). In all these instances, however, the lack of a thick, laterally
continuous sealing unit able to prevent sea-water intrusion could have a
negative impact in terms of aquifer exploitation and management.
Although evaluation of water salinity will be essential to assess its po-
tential as an alternative groundwater resource, the lowstand aquifer of
the western Central Adriatic shelf with its confining units (aquitards or
aquicludes) is a significantly promising area for upcoming OFG explo-
ration in the Mediterranean Sea. We are aware that for future hydro-
geological modelling, additional data will be necessary to shed lights on
the internal aquifer heterogeneity, as overbank finer-grained deposits
could locally decrease the average high permeability of fluvial sand
bodies. Similarly, the vertical fluid migration, documented in different
parts of the Adriatic seabed (Capozzi et al., 2012; Colantoni et al., 1979;
Conti et al., 2002; Curzi and Veggiani, 1985; Geletti et al., 2008; Hov-
land and Curzi, 1989; Judd and Hovland, 2007; Rovere et al., 2020;
Gordini et al., 2023; Stefanon, 1980), suggests a certain complexity of
the two confining units that needs to be further explored for a complete
characterization of this aquifer system.

In general, reconstructing facies architecture through integrated,
high-resolution sedimentary and seismic facies analysis in a sequence
stratigraphic framework can represent a powerful tool for the explora-
tion of OFG lithosomes in the near future.

8. Conclusions

We reconstructed the sequence stratigraphic architecture of the
western Central Adriatic system emplaced since the Last Glacial
Maximum and evaluated the potential of lowstand coarse-grained

fluvial deposits buried beneath transgressive and highstand marine
mud as potential offshore freshened groundwater reservoirs. The main
results are summarized as follows.

1. On a regional scale, the sequence boundary (SB) is a stratigraphic
unconformity that formed in response to the abrupt sea-level fall at
the MIS 3/2 transition. Above SB, aggradational fluvial channel-belt
gravel-sand bodies and progradational to aggradational delta sys-
tems represent the lowstand systems tract (LST). A slightly dia-
chronous transgressive surface (TS) separates LST from an overlying,
laterally continuous and mud-dominated succession made up of
backstepping, alluvial, estuarine and shallow-marine facies associa-
tions, overlain by delta plain deposits and aggradationally to pro-
gradationally stacked prodelta clays. The maximum flooding surface
(MFS) marks the transition from retrogradational to aggradational-
progradational stackings and coincides offshore with a prominent
downlap surface and a condensed section.

2. Thickness maps, at the systems tract scale, indicate the lateral con-
tinuity and thickness distribution of potential reservoir (LST) and
overlying seal unit (TST and HST). The LST covers almost entirely the
investigated shelf area (5600 km2 wide), with an average thickness
of about 10 m. The thickest LST depocenters (up to 60 m), north of
the Mid-Adriatic Depression (MAD), were assigned to the proximal
portion of the Po lowstand shelf-edge delta. In contrast, thinner LST
depocenters (< 25 m thick) were fed by Apennines rivers. TST and
HST strata display their maximum thickness (80 m) close to the
modern coastline.

3. We estimate a total sediment volume of 57.2 km3 for LST, and ca.
130 km3 for TST + HST. Based on seismic facies architecture inte-
grated with sediment provenance analysis, on the Central Adriatic
shelf, about 52 km3 of LST deposits were supplied from Apennine
sources, whereas 5 km3 were conveyed through the lowstand Po
River system.

4. Sequence stratigraphic analysis along the pathway from river
catchments to the sink allowed, for the first time, the identification
and mapping of a potential (lowstand) aquifer unit beneath the
western Central Adriatic shelf. This offshore aquifer is confined atop
by a thick, low-permeability unit (TST + HST muds) that might have
hindered salt-water intrusion into the reservoir. The lowstand
offshore aquifer represents an actively recharging system that might
store about 13.85 km3 of groundwater, with important implications
for possible future sustainable exploitation.

5. Offshore groundwater research is in its infancy and at present sub-
stantially lacks an associated stratigraphic methodology aiming at
the identification, characterization, and mapping of potential aqui-
fers and aquitard units. The combined sequence stratigraphic and
source-to-sink approach tested in this work is likely to represent an
effective tool for future exploration of siliciclastic groundwater res-
ervoirs stored in continental shelves worldwide.
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