Geoscience Frontiers 17 (2026) 102286

journal homepage: www.elsevier.com/locate/gsf

Contents lists available at ScienceDirect

GEOSCIENCE
FRONTIERS

Geoscience Frontiers )
—

Research Paper

Rethinking unconventional groundwater resources from continental R

Check for

shelves: Insights from the Po-Adriatic system

Bruno Campo **, Marco Antonellini?, Claudio Pellegrini”

2 Department of Biological, Geological and Environmental Sciences (BiGeA), University of Bologna, Piazza di Porta San Donato 1, 40126 Bologna, Italy
b National Research Council (CNR), Institute of Marine Science (ISMAR), Via Gobetti 101, 40129 Bologna, Italy

ARTICLE INFO

Article history:

Received 26 August 2025

Revised 22 January 2026
Accepted 19 February 2026
Available online 20 February 2026

Keywords:

Unconventional groundwater resources
Sustainability

Open-source data

High-resolution stratigraphy
Hydrogeological modelling

Climate change adaptation

ABSTRACT

Offshore freshwater resources hosted within continental shelves constitute a valuable resource for
coastal regions experiencing increasing water scarcity. This study identifies and characterizes significant
fresh and brackish groundwater resources within the Western Mediterranean by integrating and reinter-
preting multi-proxy datasets available from public repositories. Onshore-offshore correlation of well logs
revealed laterally continuous gravel and sand bodies, with resistivity locally exceeding 30 Q-m, indicative
of fresh water within the uppermost 300 m beneath the northern Adriatic seabed. These permeable bod-
ies are part of the Pleistocene (last 870 kyr), multi-layered succession composed of vertically-stacked
aquifers and aquitards/aquicludes deposited in fluvio-deltaic, coastal, and shelfal environments. A con-
servative volumetric assessment indicates approximately 26.5 km> of fresh water (>15 Q-m) within
~35 km of the modern shoreline, with an additional ~33.4 km? of brackish water (<15-5 Q-m) extending
~15 km further offshore and reaching depths of ~500 m below the seabed. The stratigraphic architecture,
governed by tectonic activity and glacio-eustatic oscillations, primarily control the geometry, distribu-
tion, and connectivity of these offshore aquifers. Integration of stratigraphic reconstructions with hydro-
geological modelling indicates that several offshore aquifers are hydraulically connected to inland
systems, implying active recharge and potential renewability.

This study demonstrates how geological methodologies originally developed for hydrocarbon explo-
ration can be effectively repurposed to identify offshore groundwater, quantify volumes, and distinguish
renewable from non-renewable aquifer systems. Furthermore, the systematic reuse of existing datasets
provides an efficient, low-impact, and cost-effective strategy for preliminary offshore groundwater inves-
tigations across continental shelves worldwide.

© 2026 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on
behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

level rise (Zamrsky et al., 2024a) and subsidence (Teatini et al.,
2011), as well as by extreme flood events (Valente et al., 2025).

Severe and long droughts are increasingly striking Europe
(Toreti et al., 2023), including the Western Mediterranean, where
dry periods have historically occurred less frequently (Bonaldo
et al., 2023). According to future scenarios, dry conditions could
become the norm at these latitudes (Levantesi, 2022), with high
risk of dramatic water shortage (Spano et al., 2021), especially
along the coastal zones. Here, climate change effects are further
reducing already limited freshwater reserves (Custodio, 2002;
UN-water, 2020), which are already overexploited and generally
compromised by seawater intrusion (Custodio, 2010) due to sea-
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In this framework, Offshore Fresh Groundwater (OFG) stored
in shelf deposits may represent an unconventional and strategic
source of water to alleviate forthcoming water crises (Bakken
et al., 2012). OFG is characterized by a Total Dissolved Solids
(TDS) concentration below that of seawater (about 35,000 mg/
L) and, because of its large distribution, is already considered “a
global phenomenon” (Post et al., 2013). Globally, approximately
73% of OFG is stored in siliciclastic aquifers on passive margins,
mostly in shallow waters (<100 m depth) and within 55 km of
the coastline (Micallef et al., 2021). For these reasons, continental
shelves are the most important hubs for OFG exploration, as also
proven by the IODP Expedition 501 “New England Shelf Hydroge-
ology”, which aims to acquire new core data to characterize the
OFG bodies of the North Atlantic shelf. As a matter of fact, the
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majority of OFG documentation relies upon geophysical data
such as resistivity logs which indirectly indicate salinity or TDS
(Attias et al., 2021; Haroon et al., 2021). Most discoveries of
potential OFG reserves were made incidentally during hydrocar-
bon exploration or deep-sea drilling operations (Hathaway et al.,
1979; Mountain et al., 2009; Lofi et al., 2013a; van Geldern et al.,
2013; Gustafson et al., 2019; Micallef et al., 2020) with very few
exceptions, as the recent Pearl River Delta investigation (Sheng
et al., 2023). Due to the limited offshore borehole coverage (Lofi
et al., 2013b; Jiao et al., 2015), direct observations of offshore
aquifers, their structure and geochemical characteristics are rare,
and still several gaps in knowledge need to be assessed, like the
control exerted by the stratigraphic setting and how the evolu-
tion of continental shelves during multiple sea-level cycles affect
the emplacement and dynamics of OFG (Micallef et al., 2021;
Person et al., 2025). Therefore, distribution, extent and dimen-
sion of OFG bodies require further investigation, as well as mech-
anisms and timing of their emplacement. Furthermore, given that
sustainable groundwater exploitation is feasible only in aquifer
systems characterized by active recharge, priority should be
accorded to the identification and assessment of such systems
(Campo et al., 2024). Considering the large volumes of OFG in
continental shelves (Zamrsky et al.,, 2022), this study aims to
answer some of these questions through the high-resolution
hydrostratigraphic reconstruction of the Pleistocene-Holocene
succession along coastal-to-shelf transects of the Po-Adriatic sys-
tem. Given its physiographic framework between two active oro-
gens and the large availability of subsurface data (Fig. 1), this
system is a promising area to identify OFG resources that may
be sustainable due to their potential connection with recharging
areas upstream (Regione Emilia-Romagna and Eni-Agip, 1998). In
addition, the existence of freshwater reserves in the study area
has been informally reported in the “Isola delle Rose” case
(Angrilli, 2024). Furthermore, the well-constrained geological
framework derived from decades of subsurface investigations
(Dondi and D’Andrea, 1986; Dalla et al., 1992; Ori, 1993;
Scardia et al., 2006; Ghielmi et al., 2010; Garzanti et al., 2011;
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Fig. 1. Study area and dataset distribution. Map showing the spatial extent of the
study area, the location of wells from the ViDEPI and Regione Emilia-Romagna
Geological Survey, and the traces of the seismic profiles (Fig. 2a-b), and hydros-
tratigraphic cross-sections (Figs. 2¢, 6, 7 and 11). Coastal and alluvial deposits of the
modern coastal plain are also shown (modified after Bertolini et al. (2008)). RER:
Regione Emilia-Romagna Geological Survey. Po R.: Po River.
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Rossi et al., 2015; Zecchin et al., 2017, 2022) provides an ideal
basis for disentangling the relative roles of tectonics and glacio-
eustatic oscillations on the distribution and emplacement of
OFG. However, in spite of the high-resolution hydrostratigraphic
reconstruction carried out in the Po Plain (i.e., onshore sector —
Regione Emilia-Romagna and Eni-Agip, 1998; Regione
Lombardia and Eni-Divisione Agip, 2002) and the well-data from
offshore locations (Fig. 1), the basinward continuity of the
onshore aquifer systems has received far less attention. A first
attempt to reconstruct the offshore continuity of onshore aqui-
fers was carried out in the northern sector of the Adriatic Sea,
but no freshwater was identified (Giustiniani et al., 2022). Based
on coastal-to-shelf well logs correlation, the preliminary hydros-
tratigraphic reconstruction by Campo and Antonellini (2024)
showed that the uppermost Middle-Upper Pleistocene interval
of the northern Adriatic shelf locally exhibits high-resistivity val-
ues, which may reflect the presence of freshwater. A subset of
these logs has recently been integrated into a dedicated database
aiming at advancing OFG investigations (Giustiniani et al., 2022),
revealing scattered aquifer bodies with salinity below 25,000 mg/
L and further supporting the selection of the study area as key
sector for OFG exploration.

The reinterpretation of legacy subsurface data represents a
valuable resource for groundwater investigations and aquifer char-
acterization. Recent studies have demonstrated its effectiveness,
notably through the identification of freshened groundwater bod-
ies underneath the carbonatic Hyblean Plateau (Lipparini et al.,
2023) and their offshore extension up to 10 km from the coastline
(Chiacchieri et al., 2025).

This research, entirely based on the reinterpretation of open-
source data, provides the first identification of extensive OFG
reserves on the Western Mediterranean shelf, highlighting the roles
of tectonics, glacio-eustasy, and the utility of open-access datasets in
guiding OFG exploration. Key aims include reconstructing the aqui-
fer systems from onshore recharge zones to the offshore Adriatic
shelf, classifying apparent resistivity values linked to pore-water
salinity, and identifying Pleistocene aquifer units and defining their
geometry and spatial relationships. The study also involves mapping
aquifers’ thickness, estimating fresh and brackish water volumes,
and developing a preliminary hydrogeological model to assess
resource sustainability and recharge potential.

2. Study area
2.1. Geographic and physiographic setting

The study area, approximately 2500 km?, is located in the
southernmost sector of the Po Plain (Northern Italy), in proximity
to the Apennine margin, and extends from the coastal plain to
about 55 km off the Emilia-Romagna coast (Fig. 1). The Po Plain
watershed, about 74,500 km?, is encased between the Alps to the
north and Apennines to the south (Fig. 1). About half of the Po Plain
is below 50 m in elevation, whereas 30,790 km? lie above 200 m
(Correggiari et al., 2005). The Po River is the longest river in Italy
(652 km), and flows into the Adriatic Sea, crossing the Po Plain
from west to east (Fig. 1). The Po River represents a trunk river act-
ing as a major conveyor belt for the sediment delivered by its
Alpine and Apennines tributaries. The Alpine rivers generally flow
through former glacial valleys and have high discharges due to
snow melt. On the other hand, the Apennine tributaries are charac-
terized by a short stretch of high-altitude reach and have a lower
course with low gradients. Because of the higher erodibility of
Apennine lithologies and the lack of depositional area upstream
of the junction with the Po River, Apennine rivers supply larger
amounts of sediment than Alpine ones (Cattaneo et al., 2003).
The mean annual rainfall over the Po watershed is 1107 mm
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(Correggiari et al., 2005). The onshore part of the study area is
included within the alluvial fan system of the southern Apennine
margin (Amorosi et al., 1996; Nesci et al., 2010), where the Marec-
chia River has developed the widest alluvial fan in the area (Fig. 1;
Severi et al., 2014). This sector is characterized by a higher topo-
graphic gradient than the northern coastal area, with mean eleva-
tions ranging between 2 and 10 m above sea level (Perini and
Calabrese, 2010). The offshore portion is part of the shallow (0-
50 m depth) and gently dipping shelf (about 0.02°; Cattaneo
et al., 2007) of the northern Adriatic Sea. The latter is a narrow epi-
continental basin, elongated for 800 km NW-SE and 200 km across,
and represents the distal portion of the Po Basin (Fig. 1).

2.2. Geological and tectonic framework

The Po Plain-Adriatic Sea system is part of the Alpine-Apennine
foreland basin (Fig. 1; Amorosi et al., 2016). The tectonic setting is
considered active because the south-verging Southern Alps and the
north-verging Apennines form two opposing fold-and-thrust belts
that initiated in the Cretaceous, because of the collision between
the European Plate and the Adria microplate (Carminati and
Doglioni, 2012). According to these authors, the Alps and the Apen-
nines formed along opposite-facing subduction zones, which
inverted the former Tethyan passive continental margins located
at the boundaries between the European, African and Adriatic
plates. The subsequent Cenozoic compressional phase affected
the area at different times and with changing directions of tectonic
movement: the Southern Alps system (N-S compression) during
Middle Eocene to Miocene; and the Apennine system (NNE-SSW
compression) from Oligocene to Plio-Pleistocene (Ghielmi et al.,
2013). The Northern Apennines foreland evolved through succes-
sive tectonic phases, producing a stepwise outward migration of
the thrust-and-fold belt. This process generated a series of migrat-
ing, asymmetric foredeeps (Ricci Lucchi, 1986) and associated pig-
gyback basins developed on the inner side of advancing thrust
sheets (Ori and Friend, 1984). The most external part of the two
accretionary wedges is buried beneath the Po Plain and the north
Adriatic Sea (Amadori et al., 2019). In the eastern sector of the Po
Plain-Adriatic system, where the study area is located, the buried
structures of the Northern Apennines (Fig. 2a-b) consist of different
arched thrust systems, with convexity towards the NNE (Ghielmi
et al., 2013). These thrust systems are active since the Late Miocene
(Boccaletti et al., 2011; Petracchini et al., 2025). The combination of
high subsidence rates (about 2.5 mm/yr; Carminati et al., 2003)
and large volumes of sediment supplied by the orogens (Ghielmi
et al., 2013) caused the accumulation of up to 8-km-thick Plio-
Quaternary deposits along the foreland basin (Fig. 2a; Pieri and
Groppi, 1981; Cattaneo et al., 2003). This sedimentary succession
fills a wedge-shaped basin with the deepest part of the wedge bor-
dering the thrust front (Regione Emilia-Romagna and Eni-Agip,
1998), and displays an asymmetric configuration, with major
depocenters generally shifted toward the Apennines (Ghielmi
et al., 2010). Tectonic activity progressively shaped the basin con-
figuration and caused the formation of six distinct (A, B, D, E, F and
G) sequence-bounding unconformities (Fig. 2a). The two youngest
F and G unconformities have been dated approximately 870 kyr BP
(Muttoni et al., 2003) and 450 kyr BP, respectively. Their origin has
been linked to the two most recent uplift episodes of the Apenni-
nes (Regione Emilia-Romagna and Eni-Agip, 1998). They also cor-
respond to periods of global and regional physiographic changes
driven to eustasy (Ridente et al., 2008; Clark et al., 2024).

2.3. Stratigraphic architecture

The Plio-Quaternary Po Plain-Adriatic sedimentary fill is com-
posed of siliciclastic deposits that show a general shallowing-
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upward trend, from deep-marine turbidites (Pliocene and Early
Pleistocene), to shelf, coastal-deltaic and alluvial strata (Mid-Late
Pleistocene and Holocene), reflecting the gradual filling of the
basin (Bruno et al., 2024). The F unconformity marks the boundary
between the uppermost Quaternary marine cycle Qms, including
shallow-marine to deltaic deposits, and the overlying Po Supersyn-
them (Fig. 2a). The latter is mainly composed of Middle
Pleistocene-to-Holocene continental deposits, and the recognition
of the G unconformity allowed its further subdivision into Lower
and Upper Po Synthems (Fig. 2a; Amorosi and Pavesi, 2010).
Recently, the six unconformities (and associated sequences) were
mapped throughout the Po Basin and the North Adriatic shelf,
and renamed as shown in Fig. 2b (after Ghielmi et al., 2013;
Amadori et al.,, 2019). The PS3 unconformity (PS3u) is equivalent
to surface F, and the Po Supersynthem constitutes the alluvial por-
tion of the PS3s (Bruno et al., 2024). In proximity of the foredeep, at
the easternmost portion of the study area, the PS3u marks the
sharp depositional change from turbidites of the older PS2s to
the overlying sand-lobe deposits of the PS3s (Ghielmi et al.,
2010). Deep-water sedimentation was restricted to the foredeep
and locally to the ramp and foreland areas. In contrast, alluvial (flu-
vial and floodplain), deltaic, coastal, shelf, and slope deposits were
widely distributed across the study area (Ghielmi et al., 2013).
Here, PS3s displays an overall regressive trend and is characterized
by the progradational geometries of the Apennine Complex and the
Po Plain Complex, prograding toward NE and SE, respectively
(Fig. 2b; Ghielmi et al., 2013). PS3s is approximately 1000 m thick
(Fig. 2b), and consists of a lower interval of slope, shelf, coastal, and
deltaic deposits, overlain by an upper interval of alternating conti-
nental, coastal/deltaic, and shallow-marine strata. Landward, PS3s
reaches up to 800 m in thickness and wedges out toward the Apen-
nine margin, where the stratigraphic architecture is characterized
by amalgamated alluvial-fan bodies passing downdip into alternat-
ing fluvial-channel sands, overbank muds, and coastal deposits
(Fig. 2c; after Amorosi and Colalongo, 2005). Well-log analysis
and stratigraphic correlation indicate that PS3s records a climate-
and eustasy-driven cyclicity, expressed by the alternation of thick
sand-bodies and muddy intervals deposited during lowstand and
highstand phases, respectively (Ghielmi et al., 2013).

2.4. Sea-level oscillations and palaegeography

Similarly to other Quaternary continental margins worldwide,
long-term climate fluctuations with a periodicity of about
100 kyr controlled the evolution of the Po-Adriatic system over
the past 800 kyr (Amorosi and Pavesi, 2010; Lobo and Ridente,
2014). In response to glacio-eustatic forcing, the Po River Delta
repeatedly shifted landward and seaward during the Middle-Late
Pleistocene (Amorosi et al., 2016), leading to the development of
extensive alluvial and delta plains during glacial lowstands
(Maselli et al., 2011) that were drowned during subsequent sea-
level rise events (Storms et al., 2008; Pellegrini et al., 2015). This
cyclic migration of the Po Delta and associated coastal systems
progressively shaped the modern North Adriatic shelf (Zecchin
et al., 2017). During the Last Glacial Maximum (about 26 kyr BP;
Clark et al., 2009), sea-level dropped to about 135 m below its pre-
sent level (Lambeck et al., 2014) and extensive glaciers capped the
Alps (Monegato et al., 2007). As a consequence, the Po River catch-
ment nearly doubled, and the largely exposed North Adriatic shelf
was transformed into a fully alluvial plain across which the Po
River flowed (Pellegrini et al., 2018).

The identification of eight transgressive-regressive (T-R) suc-
cessions within the PS3s (or Po Supersynthem of Fig. 2c; Regione
Emilia-Romagna and Eni-Agip, 1998; Regione Lombardia and Eni-
Divisione Agip, 2002), whose preservation is favoured by high sub-
sidence rates, reflects Milankovitch-scale (100 kyr) depositional
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Fig. 2. The stratigraphic framework of the Plio-Quaternary Po-Adriatic Basin. (a) Interpreted seismic profile showing the Pliocene-Quaternary sedimentary infill of the Po
Plain onshore sector (modified from Regione Emilia-Romagna and Eni-Agip, 1998; location in Fig. 1). The main depositional sequences (P2, Quaternary marine (Qm), and
Quaternary continental (Qc)) and associated tectonic unconformities (A-F surfaces) are highlighted. The Po Supersynthem and its subdivision into lower and upper Po
Synthems are also indicated. TW.T. = two-way travel time. (b) Interpreted seismic profile illustrating the Pliocene-Quaternary succession of the Adriatic offshore sector
(modified from Ghielmi et al., 2013; location in Fig. 1). Depositional sequences PL1, PL2, PL3 PS1, PS2 and PS3 follow the reinterpretation of Amadori et al. (2019). Major
tectonic unconformities (PL1u-PS3b surfaces) are also displayed. (c) Generalized stratigraphic architecture of the Po Supersynthem (modified from Amorosi and Pavesi, 2010;
location in Fig. 1), showing its internal subdivision into Synthems and subsynthems (Transgressive-Regressive — TR - successions). Coarse-grained aquifer bodies are shown in
brown and green, and fine-grained aquitards in grey. Abbreviation: Sw = salt water. Fw = fresh water. Aq = Aquifer.

cyclicity in the Po-Adriatic Basin (Bruno et al., 2024). Beneath the
coastal plain, partly corresponding to the onshore portion of the
study area, PS3s consists of vertically stacked coastal wedges alter-
nating with thick alluvial intervals. These cyclic lithofacies varia-
tions, together with changes in fluvial channel stacking patterns
within fully alluvial successions at landward position, were linked
to glacio-eustatic fluctuations, as indicated by chronological, strati-
graphic and palynological data (Amorosi et al., 2004, 2008; Ferranti
et al., 2006). Alluvial sediments mainly accumulated during glacial
lowstands, whereas coastal wedges and shallow-marine strata
were deposited during interglacial sea-level rises and the ensuing
coastal progradation (Massari et al., 2004; Fontana et al., 2010;
Bruno et al., 2024).

2.5. Hydrogeological setting

From a hydrostratigraphic perspective, coarse-grained fluvial,
deltaic, and coastal deposits (gravel and sand) constitute the main
aquifer units owing to their petrophysical properties, geometries,
and lateral relationships with fine-grained floodplain and shelf
sediments, which act as confining units (Regione Emilia-
Romagna and Eni-Agip, 1998). Beneath the Po Plain, three major
aquifer groups (A, B, and C) have been identified, mainly within
the sedimentary fill of the last 870 kyr (Fig. 2¢). The top of aquifer
group C corresponds to the F/PS3 unconformity. Aquifer groups A
and B are separated by the G/PS3b unconformity and are included
in the Po Supersynthem/PS3s (Fig. 2c). Aquifer group A (last
450 kyr) comprises four aquifer systems hosted in subsynthems
equivalent to transgressive-regressive (T-R) successions. Each suc-
cession consists of fine-grained transgressive strata forming aqui-

tards/aquicludes at the base, overlain by fluvial sand bodies that
represent the main aquifers, which accumulated mostly during
glacial periods (Amorosi and Pavesi, 2010). Within the coastal
phreatic aquifer, the water table ranges from 6.1 to 2.4 m as.l,
with the lowest values in the northern sector and the highest in
the study area (Giambastiani et al., 2021). The generally limited
and spatially scattered nature of offshore datasets has so far ham-
pered robust evaluation of offshore groundwater extent. Despite
necessary assumptions and stratigraphic simplifications, Corradin
et al. (2025) recently explored the potential offshore continuation
of onshore aquifers of the Venetian-Friulian Plain (first 20 km from
the coastline). Their suite of models suggests a high likelihood of
onshore-offshore connectivity and underscores the potential of
the northern Adriatic shelf for freshwater storage. These results
are consistent with earlier OFG assessments in the region
(Giustiniani et al., 2022) and with stratigraphic interpretations
and recharge mechanisms proposed for potential aquifers beneath
the central Adriatic shelf, including active onshore-offshore
recharge or recharge during glacial lowstands (Campo et al,
2024). Accordingly, potential OFG bodies within the Adriatic shelf
may be sustained by modern meteoric infiltration from Apennine
and Alpine rivers in the coastal plains, or by direct rainfall infiltra-
tion in areas where fluvial gravels are exposed (e.g. alluvial fans).
Alternatively, these aquifers may have been recharged with fresh-
water during periods of subaerial exposure associated with glacial
lowstands. Evidence of low-salinity groundwater in near-coastal
settings of the northern Adriatic had been previously inferred from
airborne electromagnetic surveys beneath the Venice Lagoon
(Teatini et al., 2011). Moreover, the development of bioconcre-
tionary rocky build-ups offshore Venice at about 20 m of water



B. Campo, M. Antonellini and C. Pellegrini

depth has been attributed to interactions between marine waters
and less saline fluids linked to onshore freshwater discharge
(Tosi et al., 2017).

3. Methods

The methods used throughout this analysis can be generally
described as follows: (1) Dataset, (2) Well log interpretation, (3)
Calibration with salinity tests, (4) Sequence stratigraphy-based
geological model, (5) Net thickness mapping and volume assess-
ment, (6) Hydrogeological modelling. Fig. 3 illustrates a flowchart
summarizing the methodological workflow, outlining the succes-
sive steps that guided the analysis and led to the principal findings
of this study.

3.1. Dataset

This study is entirely based on the reinterpretation of legacy
subsurface data acquired over the past 65 years for hydrocarbon
exploration (Azienda Generale Italiana Petroli Mineraria, 1959),
onshore groundwater investigations (Regione Emilia-Romagna
and Eni-Agip, 1998; Regione Lombardia and Eni-Divisione Agip,
2002), and geological mapping activities across the Po-Adriatic
Basin (Fig. 1). These data are now publicly available through the
ViDEPI Project (https://www.videpi.com/videpi/pozzi/consultabili.
asp) and the Geological Survey of Regione Emilia-Romagna
(https://ambiente.regione.emilia-romagna.it/it/geologia/servizi-e-
strumenti/cartografie-webgis/prove-geognostiche-e-geotecniche-
1). A total of 28 composite well logs (11 onshore, 17 offshore) from
the ViDEPI database and 28 onshore water wells were re-evaluated
in terms of lithofacies and formation water type, focusing on the
distinction between high-permeability (aquifer) and low-
permeability (aquitard/aquiclude) units, and correlated along four
onshore-offshore transects (traces in Fig. 1). The composite logs,
mostly produced by ENI and following American Petroleum Insti-
tute (API) standards (Fig. 4), include lithological descriptions (from
cuttings and Spontaneous Potential — SP - logs), formation names
and ages, depth (in metres), geophysical logs (Spontaneous Poten-
tial and resistivity), and indications of fluid content and type (fresh

Acquisition of legacy data }—l

Calibration with salinity
measurements

Well logs reinterpretation

Stratigraphy-based
geological model

'

Net thickness mapping
and volume assessment

v

Hydrogeological modeling
and integration of models

Identification
of potential Offshore Fresh
roundwater reserv

Fig. 3. Methodological flowchart. Overview of the workflow adopted in this study,
illustrating the sequence steps from data acquisition and processing to hydros-
tratigraphic reconstruction, volumetric assessment and hydrogeological modelling
for the identification of offshore fresh groundwater reserves.
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water, brackish water, salt water). Additional information includes
depositional environments, biostratigraphy, drilling mud types,
and locally chemical analyses (TDS in mg/L) from selected intervals
(Fig. 5).

3.2. Well log interpretation

Petrophysical analysis of well logs enables the estimation of key
reservoir properties, such as porosity and water saturation (Rider
and Kennedy, 2011). This study primarily relies on Spontaneous
Potential (SP) and resistivity logs, to assess formation water salin-
ity and lithological characteristics, as shown in Fig. 4.

SP logs are measured in millivolts (mV), with deflections of the
profiles interpreted relative to a defined shale baseline (Fig. 4). The
maximum SP deflection should represent a permeable (i.e., gravel
to sand) water-bearing formation with no shale (Fig. 4). The mud
used during drilling, e.g. the “mud filtrate”, commonly invades
the formation adjacent to the borehole and replaces connate fluids,
influencing the log response. The salinity contrast between the for-
mation water and the mud filtrate largely controls the direction of
SP deflections (Rider and Kennedy, 2011). Leftward SP shifts gener-
ally suggest more saline formation water (Fig. 4a) or, alternatively,
a mud filtrate that is fresher than the in-situ fluids, as shown in
Fig. 4b at 330 m depth. Conversely, rightward deflections typically
reflect fresh water (or fresher formation water), as observed at ca.
260-270 m and 310-325 m depth in Fig. 4b. To properly account
for these effects, the workflow integrated detailed records of the
drilling-mud types used during the acquisition of each of the 28
wells, as reported in the ViDEPI log descriptions. In sand-shale
sequences, like those from the Po-Adriatic Basin, SP logs can be
used for qualitative lithofacies recognition as the SP shape is
related to the shale content, with full SP for clean sandy strata
and diminishing SP over shaly intervals (Fig. 4). SP curves may be
useful for identifying coarsening- or fining-upward sequences typ-
ical of deltaic and fluvial deposits (Fig. 4; after Hawkins, 1972). SP
logs are also useful for stratigraphic correlation in regions with
variable salinity (Rider and Kennedy, 2011).

Resistivity logs complement SP analysis by quantifying a forma-
tion’s capacity to conduct electrical current flow, primarily gov-
erned by pore-water content and salinity. Saline water (SW)
formations generally exhibit low resistivity (Fig. 4a), whereas
freshwater (FW)-bearing formations show high resistivity
(Fig. 4b). Clay minerals may locally reduce resistivity due to their
conductive properties (Rider and Kennedy, 2011). Because mud
invasion typically affects the first 2 m around the borehole, resis-
tivity logging tools are equipped with shallow and deep investiga-
tion tools. Shallow measurements record the resistivity of the
“invaded zone”, whereas deep-reading tools (depth of
investigation > 2 m, up to 5 m) detect the resistivity of the “unin-
vaded”, or “virgin” formation (Schlumberger, 1989). The contrast
between shallow and deep resistivity is diagnostic of different fluid
types, including SW and FW formation water (Rider and Kennedy,
2011; Fig. 4). In SW-bearing formations, SP deflects to the left and
both shallow and deep resistivity values are low, with minimal dif-
ference (Fig. 4a). In FW-bearing formations, SP deflects to the right
and deep resistivity exceeds shallow resistivity (Fig. 4b). Resistivity
is measured in ohm-m (Q-m). All well logs analysed in this study
were acquired with comparable logging suites, including both
deep- and shallow-reading resistivity tools, which provided key
information for the reinterpretation and the identification of the
original formation water, avoiding the mud effect.

3.3. Calibration with salinity measurements

Spontaneous Potential (SP) and resistivity logs were calibrated
against formation-water salinity measurements (expressed as NaCl
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concentration - Fig. 5) derived from chemical analyses of samples
collected from selected stratigraphic intervals of four wells (Greta,
Mesesano2, Medesano6 and Tollaral) recovered from the Po-
Adriatic Basin and available from the ViDEPI dataset (Fig. 1).
Although located outside the study area, these well logs inter-
sect lithologies and stratigraphic intervals that are equivalent
(Medesano2-6, Tollaral) or broadly comparable (Greta) to those
examined in this study. Fig. 5 shows the one-to-one calibration
between SP/resistivity log signatures and measured formation-
water salinities. As described above, both SP and resistivity exhibit
salinity-dependent variations (Fig. 4), and the combined interpre-
tation of these parameters alongside salinity data enhances cali-
bration robustness. For each interval, SP deflections, shallow/
deep resistivity responses, and NaCl concentrations were jointly
evaluated to define salinity-resistivity classes representative of
the groundwater types hosted within the investigated succession.
A NaCl concentration of 29,470 mg/L was measured in an interval
characterized by minor, high-frequency SP deflections, with shal-
low and deep resistivity values ranging between 2-4 Q-m,
(Fig. 5a). A second interval of the same well and showing similar
SP behaviour but slightly higher resistivity values (4-5 Q-m), cor-
responded to a salinity of 13,096 mg/L (Fig. 5a). Two permeable
units yielded salinities of 3500 and 3000 mg/L and were associated
with leftward SP deflections and deep resistivities of 6 and 9 Q-m,
respectively (>5 Q-m; Fig. 5b). The lowest measured salinity

(50 mg/L) was recorded in a permeable interval with generally left-
ward SP deflections and the highest deep resistivities (24-30 Q-m;
Fig. 5¢).

To validate the calibration and the resulting salinity-resistivity
ranges, these measured values were compared with existing
salinity-resistivity and sediment-type relationships (Nowroozi
et al., 1999). This comparison enabled refinement of the calibration
and allowed identification of four main pore-water formation
classes (seawater, salt water, brackish water and fresh water), as
summarized in Table 1. A conservative threshold of 15 Q-m was
adopted to distinguish fresh (>15 Q-m) from brackish (<15 Q-m)
groundwater. This threshold is more conservative than the classifi-
cation proposed by Regione Emilia-Romagna and Eni-Agip (1998),
who considered units with resistivity >10 Q-m as freshwater-
bearing. The threshold between brackish and saline water was
set at 5 Q-m, whereas resistivity values <2 Q-m indicate
seawater-level salinities (Table 1; after Nowroozi et al., 1999;
Voutchkov, 2018).

3.4. Sequence stratigraphy-based geological model

To reconstruct the architecture and distribution of aquifers and
aquitards/aquicludes, the most recent sequence stratigraphic con-
cepts have been applied (Neal et al., 2016; Pellegrini et al., 2017a).
Although sequence boundaries (SBs) play a central role in the clas-
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Table 1

Resistivity of water and sediments. Data modified after Nowroozi et al. (1999) and
Voutchkov (2018).

Resistivity Sediments Interpretation
(Qm)
<2.0 Very porous sand, or Seawater; TDS > 30,000 mg L~!
saturated clay
2.0-4.0 Porous sand, or Very saline water;
saturated clay 20,000 < TDS < 30,000 mg L!
4.0-5.0 Sandy saturated, or Saline water;
sandy clay 10,000 < TDS < 20,000 mg L™
5.0-9.0 Sandy saturated, or Salty brackish water;
sandy clay 3000 < TDS < 10,000 mg L'
9.0-15.0 Sandy clay, sandy gravel Brackish water;
1500 < TDS < 3000 mg L™!
>15.0-30.0  Sand, gravel, some clay  Poor quality fresh water;
100 < TDS < 1500 mg L'
>30.0 Sand, gravel, minor clay  Good quality fresh water;

TDS < 100 mg L!

sical approach (Mitchum et al., 1977; Vail et al., 1977), regional
groundwater studies in the Po Plain typically used the transgres-
sive surface (TS), also termed the “maximum regression surface”
(Catuneanu et al., 2009), as the main reference surface for aquifer
mapping. This choice was largely pragmatic, as TSs were generally
easier to recognize and interpret than other surfaces within the Po
Plain basin fill (Amorosi and Colalongo, 2005; Amorosi and Pavesi,
2010). However, the “TS-like” mapping based solely on formation
tops may obscure lateral trends and groundwater-flow connectiv-
ity (Campo et al., 2020). Conversely, SB-based mapping can better
delineate aquifer units and refine predictions of their spatial distri-
bution, particularly in linking onshore fluvial and offshore deltaic
systems deposited during glacio-eustatic lowstands (Campo
et al., 2024). Stratigraphic reconstruction also incorporated sea-
level fluctuations, sedimentation rates, tectonic activity, and subsi-
dence. Using well log data, supported by seismic profiles and infor-
mation available for the offshore sector (Ghielmi et al., 2010, 2013;
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Amadori et al., 2019), the geometries, thicknesses, spatial distribu-
tion, and stacking patterns of aquifers and aquitards/aquicludes
were reconstructed along coastal-to-shelf profiles (Fig. 1). These
data enabled the basin-wide correlation of the three major (third-
order) unconformities (PS2u, PS3u and PS3ub) marking the major
shifts in depositional systems and gross sediment architecture.
These unconformities were identified in well logs based on major
changes in the type and gross distribution of the depositional sys-
tems. To evaluate glacio-eustatic controls on aquifer stratigraphy,
offshore well-logs were integrated with the ultra-high-resolution
onshore stratigraphic record (Amorosi et al., 2004). Beneath the
coastal plain, the SB coincides with the subaerial unconformity
formed during the MIS 5e/5d transition, corresponding to the last
Interglacial/glacial sea-level fall (Amorosi et al., 1999). The offshore
equivalents of these unconformities consist of erosional surfaces
passing seaward into correlative conformities (Ridente et al.,
2009). SBs were therefore traced offshore to subdivide the sedi-
mentary succession into fourth-order Milankovitch-scale
sequences (~100 kyr).

3.5. Net thickness mapping and volume assessment

Based on the available data coverage (Fig. 1) and on the strati-
graphic cross sections defining the hydrostratigraphic framework
of the study area, net thickness mapping and volumetric analysis
of the aquifer units were performed using Petrel software (Schlum-
berger). Thickness maps were realized to illustrate the overall
thickness and areal extent of low-salinity groundwater-bearing
aquifers beneath the Adriatic shelf. All wells located within the
study area (Fig. 1) were analyzed. Additional wells located outside
the four reference cross sections were incorporated by construct-
ing an expanded set of stratigraphic transects perpendicular to
the main reference profiles. This approach ensured consistent
three-dimensional correlations across the study area and improved
the definition of aquifer geometries and lateral facies relationships.
These data were further used to validate and refine the mapped
geometries, enhancing the robustness of the reconstructed hydros-
tratigraphic model. For map construction, the convergent interpo-
lation method available in Petrel was selected as the most suitable
approach to interpolate net thickness values, owing to its high spa-
tial reliability and iterative control-point-oriented refinement
(Geach et al., 2014). Grid geometry and cell size were automati-
cally defined from the spatial distribution of the input wells and
the boundary polygon of the study area, resulting in a x-y grid
increment of 50 m. A Taylor series projection was applied as the
base gridder, and the Briggs biharmonic (minimum curvature)
algorithm (Briggs, 1974) was used to generate smooth surfaces.
Final thickness maps were slightly refined through minor manual
editing to fully incorporate hydrostratigraphic interpretations
and geometrical trends from the cross sections.

Decompacted sediment volumes were estimated for the last
870 kyr PS3 sequence (PS3s) stratigraphic succession, with main
focus on the volumetric quantification of fresh and brackish water
stored in the lower- and upper-PS3s. This stratigraphic subdivision
is important to shed light on the different processes controlling the
groundwater emplacement, as it reflects a different tectono-
sedimentary evolution of the study area: the lower-PS3 (870-
450 kyr BP) accumulated during a phase of active tectonic uplift,
whereas the upper-PS3 was deposited under tectonic quiescence
during the last 450 kyr.

Aquifers volumes have been assessed by using the volume cal-
culation tool available in the software Petrel. Porosity values, mea-
sured in the Casaglia well (Fig. 1) at different stratigraphic intervals
of the aquifer groups A and B (Regione Emilia-Romagna and Eni-
Agip, 1998), were used to convert aquifer volumes into estimates
of stored groundwater. Aquifer groups A and B correspond to the
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upper and lower interval of the PS3 sequence, respectively
(Fig. 2). A total of 13 porosity measurements were available for
Group A and 14 for Group B, yielding mean porosity values of
38.2% and 37.6%. These values are consistent with independent
porosity estimates derived from geophysical logs (Fig. 1), which
indicate similar high porosities (33%-45%) for the same aquifer
groups (Regione Emilia-Romagna and Eni-Agip, 1998). Such ele-
vated porosity values reflect both the predominantly coarse-
grained lithology of fluvio-deltaic sediment bodies forming these
aquifers and, potentially, post-depositional dissolution (Regione
Emilia-Romagna and Eni-Agip, 1998). Given the range of porosity
values documented for the PS3 sequence, a quantitative sensitivity
analysis was carried out to evaluate how this variability may influ-
ence volumetric estimates of freshwater and brackish water aqui-
fers. Three porosity scenarios were examined, reflecting the range
documented from core measurements and geophysical logs: (1) a
conservative lower-end value of 33%; (2) a central representative
value of 38%; (3) an upper-bound value of 45%. For each strati-
graphic interval (lower-, upper- and total PS3s), pore water vol-
umes were recalculated by multiplying the bulk sediment
volume by the selected porosity value. Due to the lack of data for
the uppermost stratigraphic interval, thickness and volumes are
underestimated for the upper-PS3s.

3.6. Hydrogeological modeling

The hydrogeological modelling was performed by programming
in Matlab™, the analytical model developed by Oude Essink (2000)
and represented in Egs. (1)-(4), which is appropriate for a confined
coastal aquifer and accounts for density-controlled flow. The
model relies on the following assumptions: (i) the whole aquifer
package is confined at the top and bottom from impermeable units,
and (ii) the continuity, Darcy, and Ghyben-Herzerg laws are satis-
fied (Oude Essink, 2000), which appears to be a very reasonable
assumption based on the high-resolution stratigraphic framework
presented below (Fig. 6) and the mostly low-velocity parallel flow
in the aquifer package. The formulation of the analytical solution
used for determining the length of a saltwater wedge L is the
following:

_[—2qex
H= Ko (1)

h=oH +A) (2)

q=14qo 3)
kD*o

L= 2 (4)

where, H is the depth of the freshwater-saltwater interface from the
bottom of the confining unit (L); x is the distance from the tip point
of the freshwater unit (L); K is the hydraulic conductivity of the
aquifer (L/T) that we compute from arithmetic mean for parallel
flow (Fetter, 2014) using the sand/mud ratio, and the K for the
sandy and muddy layers; qo is the horizontal flow rate seaward
(recharge) (L/T); o is the Ghyben-Herzerg density contrast constant
(=); D is the thickness of the saturated aquifer (L); A is the depth of
the top of the aquifer from sea level (L); L is the length of the salt-
water wedge (L).

Based on several measurements carried out in different loca-
tions of the Adriatic sandy coastal aquifers (Ripa and Pitoni,
2001; Antonellini et al., 2008), the hydraulic conductivity (K) varies
in the range 0.1-1 m/d. To reconstruct the positions of the interface
between fresh water and salt water, the following parameters have
shown the best fit to the well data:
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- K for sandy deposits is 0.1 m/d;

- shale gouge ratio is 0.6 (this has been derived by the strati-
graphic logs and is used to compute the average hy draulic con-
ductivity of the aquifer package);

- shale hydraulic conductivity is 1x10°° m/d; D is 500 m;

- and the horizontal flow rate qq is 6.85 x 10~* m/d, equivalent to
a 250 mmy/year recharge.

By assuming a Ghyben-Herzberg constant of 28, which is typ-
ical for the salinity of the Adriatic Sea (Giambastiani et al., 2007),
and by obtaining the L, A, D parameters from the hydrostrati-
graphic transects of Fig. 6, we can invert to obtain the recharge
(qo). If the offshore aquifers are actively recharged by meteoric
precipitation, the computed qo must be like the gqo estimated
for the coastal aquifer in the area (Antonellini et al., 2015). At
present, the offshore aquifers are recharged by rainfall infiltra-
tion in proximity of the Apennine alluvial fans. This process
likely also occurred during the lowstand periods of the
Pleistocene.

4. Results

The coastal-to-shelf stratigraphic correlation allowed the recon-
struction of the along-dip stratal architecture Po-Adriatic succes-
sion dated to Lower Pleistocene-Holocene (Figs. 6 and 7). The
high-resolution geometrical representation of the coarse-grained
sedimentary bodies (i.e., aquifers), their lateral extent and vertical
relationship with fine-grained strata (i.e., aquitards/aquicludes),
together with calibrated resistivity values provided reliable infor-
mation about the salinity of the pore water (Figs. 6 and 7). Because
of their seaward extent, quality, quantity of data, and the informa-
tion provided, cross sections B-B’ (Fig. 6a) and C-C’ (Fig. 6b) were
first described as the reference hydrostratigraphic panels. On the
other hand, although cross sections A-A’ and D-D’ are less complete
or may document similar characteristics in terms of aquifers’ archi-
tecture as those shown in Fig. 6, they are representative of the
northernmost (Fig. 7a) and southernmost (Fig. 7b) sectors of the
study area, respectively. To avoid redundant descriptions and con-
cepts, only the main differences between the reference and the
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additional panels have been highlighted below. Furthermore, to
provide an overview of the spatial distribution of the aquifer sys-
tems and reveal their accumulation through the main geological
phases, net thickness maps have been produced across the study
area. As saline groundwater cannot be considered a useful
resource, only freshwater (Fig. 8) and brackish water (Fig. 9) aqui-
fer units have been mapped. Finally, to assess resource sustainabil-
ity and recharge potential of aquifer systems, a hydrogeological
model (Fig. 10) has been developed.

4.1. Onshore-offshore hydro-stratigraphy

Above the marine clays of the “Santerno Formation”, the lower-
most main unconformity marks the base of the “Asti Sands Forma-
tion” and the onset of Lower Pleistocene (Zecchin et al., 2017)
deposition of increasingly coarser-grained shelf-to-coastal and del-
taic strata of the PS2 sequence (PS2s, Fig. 6). The combination of
their vertical stacking and the gradual NE-directed shift of deposi-
tional environments suggests an overall progradational trend of
the PS2s. Coastal and deltaic gravel and sand bodies laterally tran-
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sition to shelf muds at distal locations, whereas deep-marine tur-
bidites are disconnected (Fig. 6). Up-dip, coastal and deltaic
deposits are laterally connected with progressively more inclined
gravel bodies with tabular geometry of the Qms cycle (Fig. 6). In
the southern area (Fig. 6b), Qms deposits are directly connected
with the alluvial fan gravels of the overlaying PS3 sequence
(PS3s) through the erosional unconformity PS3u. The latter is dated
to the latest major uplift of the Apennines (e.g., 870 kyr BP) and
corresponds to the PS2s/PS3s boundary (Fig. 6b). The Lower-to-
Middle Pleistocene PS2s displays a general but gradual decrease
of resistivity values from onshore to offshore sectors (Fig. 6), with
high resistivities in the band of fresh pore-water (> 15 Q-m) only
beneath the modern coast at southern locations (Fig. 6b). Here,
3 km inland from the coastline and above the deepest coarse-
grained bodies characterized by medium (5-15 Q-m) to low (<2
Q-m) resistivity, Qms gravels and sands show high resistivities,
suggesting fresh pore-water content despite their marine origin.
Resistivity progressively decreases down-dip to values characteris-
tic of brackish and saline (2-4 Q-m) pore water. On the contrary,
the PS2s do not contain any freshwater bodies in the northern sec-
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tor, where the Qms coarse-grained bodies are disconnected from
the overlaying, higher-resistivity alluvial fans (Fig. 6a). At offshore
locations, the PS2s aquifers display low resistivities typical of sal-
ine water (Fig. 6).

Above the PS3u, the PS3s records an even stronger prograda-
tional trend (Fig. 6). The identification of the PS3b unconformity
(PS3ub) allowed the internal subdivision of the PS3s into lower-
and upper-PS3 units (Fig. 6). This erosional unconformity mimics
PS3u at the basin margin, where it forms an equivalent angular
unconformity within the amalgamated alluvial-fan gravels of the
lower- and upper-PS3s (Fig. 6b). In wells, beneath the Adriatic
shelf, the PS3b marks the onset of an additional NE-directed shift
of the Apennine fluvio-deltaic systems, with the shelf-edge limit
further migrating basinward, around 35 km from the modern
coastline (Amelia2bis well, Fig. 6a). The lower-PS3 interval, within
the first 15 km offshore (320-250 m depth), is mostly dominated
by brackish water aquifers, representing the mixing zone between
freshwater and saline water (Fig. 6). The mixing zone extends addi-
tional 10 km offshore between Bellaria-Mare1 and Aurelial wells
(Fig. 6a), and Bellaria-Mare1 and Rimini-Marel wells (Fig. 6b),
respectively. In the lower-PS3s, freshwater aquifers are up to
8 m-thick and show lateral continuity through the coastal-to-the
shelf sector reaching their maximum offshore extent nearby the
wells Aurelial and Rimini-Mare1, between 350 and 300 m depth
(Fig. 6).

The upper-PS3s is mostly dominated by alternating, laterally
continuous muddy strata and coarse-grained deposits (Fig. 6).
The latter are widespread along the transects and consist of gener-
ally tabular, up to 10 m thick, fluvial sand bodies laterally transi-
tioning to amalgamated alluvial fan gravels and deltaic-to-coastal
sediments at proximal and distal sectors, respectively (Fig. 6). At
distal locations (Amelia2bis well, Fig. 6a), deltaic sand bodies are
up to 20 m thick. Overall, the offshore extent of sand bodies
exceeds 35 km, about 15 km more than equivalent deposits from
the lower-PS3s (Fig. 6a).

The upper-PS3s show a generalized increase in resistivity, and
vertically-confined freshwater aquifers become a frequent occur-
rence (Fig. 6), especially in the southern sector. These systems gen-
erally represent the offshore continuity of coastal aquifers beneath
the Adriatic shelf. They store freshwater within the first 35 km off-
shore (Fig. 6a) and brackish water further downdip (>50 km, Fig. 6a).

4.2. Northern and southern hydro-stratigraphic panels

The two additional hydrostratigraphic transects shown in Fig. 7
document corresponding unconformities, sequences, deposits, and
progradational trends as those of Fig. 6. Similarly, the resistivity
patterns, as well as the general aquifer geometries, their lateral
extent and vertical relationships with aquitards/aquicludes resem-
ble those described above.

Unlike the reference panels, PS2s offshore aquifers contain only
saline water (Fig. 7). On the other hand, brackish water occurs in
the PS2 interval but just below the modern coastline at the north-
ernmost locations (Fig. 7a). In this sector, no fresh water was iden-
tified within the lower-PS3 that is entirely dominated by brackish
water, considering the first 15 km offshore and down to about
550 m below sea level (b.s.l. — Fig. 7a). These aquifers seem discon-
nected from the alluvial fan at proximal locations, unlike their
equivalents displayed in Fig. 6. In the opposite sectors of the study
area, freshwater bodies were only found above about 300 m b.s.1.,
and within the upper-PS3s (Fig. 7b). However, the maximum off-
shore extent of freshwater reserves is about 31 km and 13.5 km
for the northern and the southern sectors, respectively (Fig. 7).
Both transects show that the aquifers of the upper-PS3s are likely
connected to their onshore equivalents and alluvial fans. A major
and comparable offshore extent in the northern area is also docu-
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mented for the brackish aquifers (Fig. 7a). The latter were detected
up to 46 km from the modern shoreline to the north (Fig. 7a).
Southward, brackish water characterizes only a thin interval (mix-
ing zone) between 300 and 270 m b.s.1., near the Andromedal well
(Fig. 7b). Despite the lack of data, this isolated brackish aquifer unit
(Riccione-Mare3 well, Fig. 7b) seems disconnected from its land-
ward (i.e., Apennines) equivalent. Stratigraphic correlation and
additional seismic data (Fig. 2b; after Ghielmi et al., 2013) suggest
that this aquifer could be part of the axial Po River system merging
with the Apennine system in this part of the basin (Fig. 7).

4.3. Net thickness of freshwater aquifers and pore water volumes
assessment

Fig. 8a represents the total net thickness of the aquifers contain-
ing fresh water (FW) within the PS3s, as well as their lateral extent
beneath the modern shelf. To better constrain the tectonic and
stratigraphic control on the offshore FW emplacement and distri-
bution, the maps of Fig. 8b and 8c display the total net thickness
of FW aquifers within the lower- (870-450 kyr BP) and the
upper-PS3 (last 450 kyr) units, respectively. For each stratigraphic
interval, the FW volume was quantified under three porosity sce-
narios (33%, 38%, and 45%), selected to represent the observed vari-
ability within the PS3s deposits (Table 2). Because of the lack of
data shown in Figs. 6 and 7, thickness and volumes are underesti-
mated for the upper-PS3s.

The largest thickness values of the aquifer units are recorded
below the modern coastal plain and gradually decrease toward
the offshore sector within the first 40 km from the coastline
(Fig. 8a). North and west of Rimini, in coincidence with the Apen-
nine margin, two main depocenters exceed 75 m and 100 m in
thickness (Fig. 8a). The thickest depocenter corresponds to the
alluvial fan of the Marecchia River (Severi et al., 2014), whereas
the second one is located below the modern Rubicon River mouth
(Fig. 8a) that probably acted as the major sediment entry points. It
is likely that also the Savio River nourished this depocenter by sup-
plying a considerable amount of coarse-grained material at differ-
ent times when it flowed to the east (Fig. 8a). Within the first 15—
20 km from the coastline, these two depocenters coalesce and are
slightly elongated in a NE direction (Fig. 8a), in agreement with the
progradational trend of PS3s. Their semi-circular shape (Fig. 8) is
consistent with fluvio-deltaic depositional systems dominated by
fluvial processes (Bhattacharya, 2006). In this sector of the shelf,
mean aquifer thickness ranges between from 75 m to 50 m
(Fig. 8a), and progressively decreases to 25 m downdip where
the aquifer bodies generally thin out and are in lateral transition
with aquitards, with FW replaced by brackish water (Fig. 6).

This general thickness distribution and lateral extent of FW
aquifers is also displayed in Fig. 8b and 8c. However, the FW aqui-
fers of the lower-PS3s show considerably lower thickness (maxi-
mum about 25 m) and smaller offshore extent (maximum 20 km
from the coastline, Fig. 8b) than the upper-PS3s FW aquifers
(Fig. 8c). The latter exceed 75 m in total thickness below the mod-
ern Marecchia River alluvial fan and 50 m near the second
depocenter to the north (Fig. 8c). Other than these two Apennine
depocenters elongated to the NE, a third depocenter, up to 25 m
thick and located in the northernmost offshore location, shows a
SE direction (Fig. 8c). This depocenter corresponds to the strati-
graphic interval characterized by the up to 20 m-thick aquifer bod-
ies between Amelia2bis and Alex1 wells (Fig. 7a). Thickness and
depocenter orientation suggest the paleo-Po Delta system as the
sediment entry point. This interpretation is supported by seismic
data showing the south-eastward progradation of the Po-Plain
Complex during the last 450 kyr, and its gradual merging with
the Apennine systems in this area (Fig. 2b). It is likely that the
paleo-Po Delta system prograded from the north down to this sec-
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Table 2
Stored fresh (FW) and brackish (BW) pore water volume (V,,) assessed for the upper-, lower- and total PS3 sequence. Three different porosity ¢ (33%, 38% and 45%) scenarios were
considered.
Unit Bulk volume Vp, 33% ¢ Vp, 38% ¢ Vp, 45% ¢
(km?) (km?) (km?) (km?)
FW upper-PS3s 59.3 19.6 22.5 26.7
FW lower-PS3s 10.6 3.5 4.0 4.8
FW total PS3s 69.9 231 26.5 31.5
BW upper-PS3s 51.7 17.0 19.6 233
BW lower-PS3s 36.2 12.0 13.8 16.3
BW total PS3s 879 29.0 334 39.6

tor of the Adriatic shelf (Fig. 8c) during a certain sea-level lowstand
phase caused by the glacio-eustatic forcing, consistently with the
progradational dynamics documented for the Po system during
the Last Glacial Maximum (Pellegrini et al., 2018).

The total bulk volume of FW aquifers is 69.9 km> (Table 2).
Across the three porosity scenarios presented in Table 2, the total
volume of FW stored beneath this sector of the Adriatic shelf
(Fig. 8a) ranges from 23.1 to 31.5 km?, relative to a baseline esti-
mate of 26.5 km> at 38% porosity. Approximately, a volume of
about 4 km® (min. 3.5 km? to max. 4.8 km®) of fresh groundwater
is contained in the lower-PS3 unit, whereas at least 22.5 km? (min.
19.6 km?® to max. 26.7 km?) is stored in the upper-PS3 unit (Table 2)
but could be up to three times this volume.

4.4. Net thickness of brackish aquifers and pore water volumes
assessment

Fig. 9 shows the total net thickness of the aquifer units includ-
ing brackish water (BW) within the PS3s, as well as their areal
extent throughout the Adriatic shelf and pore-water volumes. In
line with Fig. 8, the maps of Fig. 9b and 9c display the total net
thickness of BW aquifers within the lower- (870-450 kyr BP) and
the upper-PS3 (last 450 kyr) units. The reader should consider
the same underestimation discussed for the upper-PS3s due to
the lack of data in the uppermost interval (Figs. 6 and 7).

The highest thickness values exceed 125 m and are documented
for the northern sector, near the Anguillal well (Fig. 9a). Thickness
values progressively decrease to the south and to the east toward
the offshore sector, and to the west toward the modern coast
(Fig. 9a). This configuration is coherent with the stratigraphic
architecture (Figs. 6 and 7) and the onshore location of the fresh-
water recharging zone in proximity of the Apennine margin
(Fig. 9). Similar BW extent is depicted in Fig. 9b (lower-PS3s), with
up to 100 m-thick BW aquifers identified at the Anguillal well. On
the other hand, Fig. 9c (upper-PS3s) shows a quite different config-
uration. The main depocenter, up to 75 m-thick, is located about
15 km offshore from the depocenter of Fig. 9b. During the last
450 kyr, BW aquifers likely migrated to the SE, reaching the loca-
tion of Canopo1l well (Fig. 9c). Differently from the FW aquifers,
no clear correlation exists with the modern alluvial fans of the
Apennine river system. Only locally, a slight influence of the Apen-
nine systems can be identified in correspondence of the Rubicon
and Marecchia alluvial fans (Fig. 9c). Here, onshore-offshore elon-
gated aquifer units, less than 25 m thick, seem to merge with the
southward-directed Po system, as discussed above. Differently
from the lower-PS3 interval, where the offshore BW aquifer sys-
tems appear disconnected with the onshore recharging area
(Fig. 6b), the hydrostratigraphic reconstruction for the upper-PS3
suggests potential connection with the landward systems and pos-
sible active recharge for these aquifers (Figs. 6 and 7).

The total volume of BW aquifers is about 87.9 km?> (Table 2). For
these aquifers, estimated BW volume ranges from 29.0 to 39.6 km?,
compared to the mean value of 33.4 km? at 38% of porosity
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(Table 2). Approximately, 13.8 km> of these are stored in the
lower-PS3s (min. 12.0 km? to max. 16.3 km?), and 19.8 km?® in
the upper-PS3s (min. 17.0 km?® to max. 23.3 km?; Table 2).

4.5. Hydrogeological model

A simple scoping double-density analytical model was used to
test whether the offshore freshwater aquifers are still actively
recharged by the permeable alluvial units outcropping onshore
(Figs. 1, 6 and 7) and whether the geometric and petrophysical prop-
erties of the aquifers can explain the freshwater-saltwater distribu-
tion on the shelf, as shown in Figs. 6 and 7. We have tested several
aquifer geometries that were compatible with those represented in
Fig. 6. The model has been initially applied to the aquifer complexes
within PS2s, lower- and upper-PS3, separately, using the three
major unconformities (PS2u, PS3u, and PS3ub of Fig. 6) as aquifer
boundaries. The results of these simulations, however, have not
been satisfactory, because the aquifer recharge and hydraulic con-
ductivity values required to match the observed geometries were
not realistic. This is probably due to the three basal unconformities
not being hydraulic boundaries, especially at the Apennine margin,
where they de facto consist of erosional surfaces. On the other hand,
when evaluating the three aquifer complexes together, the
freshwater-saltwater distribution observed has been satisfactorily
modelled. The results are shown in Fig. 10. The horizontal flow rate
obtained for the offshore sector of the transects corresponds to an
aquifer recharge of 250 mmy/year. This value is consistent with the
current recharge estimates in the area (Severi et al., 2014;
Antonellini et al., 2015). Most aquifers confined between aqui-
tards/aquicludes exhibit horizontal rather than vertical connection
and can extend inland, as documented in Figs. 6 and 7. Under this
configuration, and given the dominance of horizontal flow, the com-
bined PS2s + PS3s package behaves as a single hydrostratigraphic
unit, balancing seawater intrusion with offshore-directed freshwa-
ter flow (qo in Fig. 10). These results suggest that most of the off-
shore aquifers, those directly linked to onshore systems, are still
actively recharged by their exposed counterparts along the Apen-
nine margin, in proximity to the modern alluvial fans of the Marec-
chia and Savio rivers (Fig. 8).

5. Discussion
5.1. The OFG Po-Adriatic volume revealed

The coastal-to-shelf mapping of the PS3s aquifers has shown that
the aquifer bodies of the lower- and upper-PS3s are the offshore equiv-
alents of aquifer groups B and A, respectively (Figs. 2 and 11a-b). The
latter are currently exploited for agricultural, industrial, and domestic
purposes (Regione Emilia-Romagna and Eni-Agip, 1998; Regione
Lombardia and Eni-Divisione Agip, 2002). The PS2s includes the off-
shore counterpart of aquifer group C but does not contain any fresh
groundwater (Figs. 6, 7 and 11a-b). Compared with previous studies
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that either lacked offshore salinity data (Lofi et al., 2013b; Campo et al.,
2024) or documented only brackish to saline groundwater (Giustiniani
et al.,, 2022) and scattered low-salinity (<25,000 mg/L) bodies south of
the modern Po Delta (Giustiniani et al., 2022), our study provides a sig-
nificant step forward by demonstrating the presence of important off-
shore freshwater volumes within the Adriatic shelf. Considering mean
volume estimates at 38% of porosity, about 26.5 km? of fresh water are
contained in this shallow (uppermost 300 m) and multi-layered aqui-
fer system within the first 35 km from the Italian coast (Fig. 8; Table 2).
An additional 33.4 km? of brackish water are available, extending the
radius up to 15 km basinward and 100 m downward beneath the
seabed (Figs. 6 and 9). Despite the lack of shallow data, based on the
typology of aquifer deposits and their thickness trends (Figs. 8-9), fresh
water and brackish water volumes contained within the upper-PS3
unit could exceed 60 km? and 55 km?>, respectively. For both FW
and BW aquifers, sensitivity analysis results demonstrate that a
+5%-7% variation in porosity produces volumetric changes of approx-
imately +13%-20%. The conservative scenario (33% porosity, Table 2)
yielded values 13%-15% lower, whereas the optimistic scenario (45%
porosity, Table 2) yielded values 18%-20% higher, relative to the mean
estimate at 38% porosity. Hence, porosity uncertainty is a first-order
control on volumetric estimates, but it does not alter the overall distri-
bution or relative proportions between freshwater and brackish water
resources. This analysis demonstrates that, although absolute ground-
water storage depends on the adopted porosity value, the relative dif-
ferences among aquifer units, as well as their overall volumetric
hierarchy, remain unchanged across the tested porosity range. Conse-
quently, the volumetric interpretation presented in this study is robust
with respect to reasonable porosity variability.

In a coastal sector where available freshwater reserves are
overexploited and already threatened by climate change effects
(Antonioli et al., 2017; Mastrocicco et al., 2019), the identification
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of such untapped and unconventional reserves could raise aware-
ness among citizens and policymakers of the importance of this
strategic resource, which could be used to alleviate forthcoming
and increasingly severe water crises (Bakken et al., 2012;
Pascale and Ragone, 2025). We acknowledge that water quality
may be lower than that required for drinking purposes under
Directive (EU) 2020/2184 of European Parliament and the
Council of European Union (2020). However, such resources could
be rendered potable after minor treatment, or alternatively, used
as cost-effective raw source of water for desalinization (Sheng
et al., 2023). Although offshore aquifer exploitation is, at present,
“not in the planning”, and its economic viability remains uncer-
tain (Zamrsky et al., 2024b), largely due to existing technological
limitations (Micallef et al., 2021), the North Adriatic aquifers rep-
resent an excellent target for further investigations. Future work
should include direct sampling to assess groundwater quality,
as well as isotopic and hydrodynamic analyses to quantify the
proportion of offshore volumes actively recharged from inland
areas. Both the low salinity and the limited burial depth of these
aquifers may substantially reduce the costs and the environmen-
tal impact associated with exploration and potential exploitation,
particularly when compared with other deeper offshore ground-
water bodies (Horozal et al., 2025) or with smaller, low-salinity
coastal-to-shelf systems along the Mediterranean coasts
(Chiacchieri et al., 2025). In addition, the presence of offshore
hydrocarbon platforms (Fig. 1) that will soon be decommissioned,
offers a timely opportunity for cost-effective repurposing and
prompt further investigation. The reuse of existing offshore
infrastructure may additionally reduce the costs associated with
exploration and monitoring of offshore aquifers, as shown by a
feasibility plan funded by the BluMed initiative (Antoncecchi
et al., 2020).
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5.2. Drivers of offshore freshened groundwater formation

The well-constrained chronological framework available for the
Po-Adriatic system allowed investigation of the different roles played
by tectonics and glacio-eustasy, which are the main factors control-
ling the distribution and emplacement of offshore fresh groundwater
(OFG; Micallef et al.,, 2021). The two most recent episodes of Apen-
nine uplift are dated to approximately 870 kyr BP and 450 kyr BP,
respectively (Regione Emilia-Romagna and Eni-Agip, 1998). The onset
of the glaciations with a 100 kyr cyclicity (Muttoni et al., 2003), is also
established at about 870 kyr BP. Therefore, the lower-PS3s record
superimposed effects of both tectonics and glacio-eustasy between
870-450 kyr BP. Conversely, given the post-450 kyr BP tectonic stasis,
the accumulation of the upper-PS3s offshore aquifers can be primarily
ascribed to glacio-eustatic variations.

At the Apennine margin, in proximity of the alluvial fans, the
two latest uplifting events increased the topographic gradient
and triggered erosional processes that formed the unconformities
PS3 and PS3b (Fig. 11a). Consequently, meteoric freshwater could
progressively move from the recharge areas toward the marine
PS2s aquifers and offshore through both the lower and upper-
PS3s aquifers (Fig. 11a-b). The PS3 unconformity (PS3u) marks
the onset of tectonically driven NE-directed shift of the Apennine
Complex, with the shelf/slope limit progressively migrating basin-
ward (Ghielmi et al., 2013), from about 17 km up to 35 km from the
modern coastline (Fig. 6). This limit also represents the maximum
offshore extent of fresh water within the PS3s aquifers.

Besides tectonics, superimposed 100 kyr glacio-eustatic cycles
played a crucial role in delivering large volumes of coarse-
grained sediment delivered to the shelf after glaciations
(Vandenberghe, 2003; Ghielmi et al., 2013), but also for the devel-
opment of the multi-layered structure of the PS3s aquifer systems
(Figs. 6 and 7). The latter are characterized by vertically-stacked
marine and continental deposits that parallel the cyclic arrange-
ment of facies of the Middle-Pleistocene Po-Plain succession linked
to glacio-eustatic oscillations (Ridente et al., 2008; Bruno et al.,
2024). The alternation of laterally continuous fine-grained (i.e.,
aquitards/aquicludes) and coarse-grained intervals (i.e., aquifers)
allowed the basinward distributions of groundwater, whereas per-
meability barriers limit vertical exchanges. High amalgamation of
aquifers bodies, along with their pronounced lateral connectivity
and continuity, is also attributed to glacial lowstands, when the
continental shelves were subaerially exposed and river systems
merged into larger trunk channels (Semme et al.,, 2009; Blum
et al., 2013; Pellegrini et al., 2017b). During these phases, and pro-
vided sufficient sediment supply, fluvio-deltaic systems prograded
to the shelf-edge (Blum and Tornqvist, 2000; Carvajal et al., 2009;
Pellegrini et al., 2018). Such basinward progradation likely pro-
moted the migration of connate, deposition-time saline water
toward the basin, as illustrated in Fig. 11c. The enhanced hydraulic
gradient caused by the stepwise sea-level drop (T1, T2 and T3 -
Fig. 11c), would have facilitated the basinward migration of fresh
water through the prograding fluvial network over multiple glacial
cycles (Fig. 10c). Subsequent deposition of mud-dominated strata
during sea-level rise and highstand formed thick, laterally exten-
sive permeability barriers, as shown by Campo et al. (2024) for
the post-LGM succession in the Central Adriatic. These permeabil-
ity barriers compartmentalized coarse-grained bodies, thereby
enhancing the preservation of fresh and brackish water.

5.3. Beneath the shelf: decoding the control exerted by the
stratigraphic setting

The stratigraphic setting resulting from the interplay between
tectonics and glacio-eustasy drives both the distribution and
preservation of fresh-to-brackish groundwater beneath the Adri-
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atic shelf. Our onshore-offshore reconstruction showed that PS3s
aquifers extend up to 50 km, mostly continuously, from the sub-
surface of the modern coast and down to the shelf (Figs. 6-9). Their
thickness and areal extent reflect the long-term progradational
trend of the PS3s, driven by progressive basin filling and shelf-
slope migration toward NE over the last 870 kyr (Amadori et al.,
2019). Consequently, the upper-PS3s become increasingly domi-
nated by continental deposits, with laterally continuous fluvio-
deltaic strata forming the main offshore aquifers (Figs. 6, 7 and
11a-b). These units grade laterally into alluvial fan gravels in prox-
imal settings and into deltaic-to-coastal sediments in more distal
sectors, with mud content increasing down-section (Figs. 6 and
7). This architectural motif is consistent with established fluvio-
deltaic models (Gani and Bhattacharya, 2005; Nichols and Fisher,
2007; Miall, 2013) and supports the occurrence spatial continuity
of fresh groundwater throughout multiple sectors of the shelf
(Fig. 11a-b). Where hydraulic gradients are favourable, groundwa-
ter can migrate seaward through these permeable fluvial units,
maintaining hydraulic (horizontal) continuity between onshore
and offshore aquifer systems (Fig. 11a-b), as also observed in other
continental-shelf settings (Burnett et al., 2006; Cohen et al., 2010;
Person et al., 2018; Gustafson et al., 2019; Attias et al., 2021). The
widespread presence of fresh water within the upper-PS3s (Figs. 6
and 7) is therefore directly linked to the dominance of laterally
continuous fluvio-deltaic facies, which provide both high porosity
and strong connectivity. Overall, the highest fresh pore-water con-
tent is where the offshore aquifers are directly connected to
onshore alluvial fans. Thus, our results show that one of the main
factors controlling the emplacement of fresh groundwater within
offshore aquifers is their direct stratigraphic and hydraulic connec-
tion with the onshore alluvial fan systems, which represent key
zones of active recharge (Fig. 11a). This connection also controls
freshwater emplacement in the deeper PS2s aquifers. Although
these units are of marine origin, localized fresh water has been
detected beneath the southern coastal sector (Fig. 11a). Here, the
PS3 erosional unconformity provides a direct linkage with overly-
ing alluvial fan gravels, while tectonic uplift enhances the topo-
graphic gradient. These conditions likely favoured the progressive
flushing of connate salt water and its replacement by meteoric
water infiltrating near the Apennine margin (Fig. 11a). In contrast,
no fresh water is observed northward, where PS2s and lower-PS3s
aquifers are disconnected from inland recharge areas and where
the gentler topographic gradient reduces the potential for meteoric
infiltration (Fig. 11b).

5.4. Offshore aquifers: hidden reserves or fossil relics?

The reconstructed OFG distribution is strongly supported by the
hydrogeological model presented in Fig. 10. To maintain the fresh-
to-salty water interfaces shown by the hydrostratigraphic tran-
sects, an active meteoric recharge of approximately 250 mm/yr is
required. Locally, within specific stratigraphic intervals and
restricted areas, some offshore aquifers appear to be disconnected
from onshore recharge zones. As a result, these units cannot bene-
fit from rainfall or artificial recharge (Fig. 11a), and their pore
waters should be regarded as non-renewable, or “fossil”, resources
(Fig. 11b). Fossil groundwater is predominantly connate — i.e.,
trapped during aquifer deposition — and its salinity generally
reflects the original depositional environment: freshwater in flu-
vial settings, brackish in back-barrier systems, and saline in marine
deposits (GebreEgziabher et al., 2022). From a sustainability per-
spective, such fossil water bodies should not be considered viable
targets for future exploitation. This evidence highlights how inte-
grated onshore-offshore investigations enable the identification
of alternative groundwater resources, while also emphasizing the
need to distinguish renewable, actively recharged systems from
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connate saltwater removal (purple arrows) and subsequent freshwater emplacement within the fluvial systems prograding across the exposed shelf. (A), (B) and (C)

correspond to the onshore aquifer groups shown in Fig. 2. Proj. = projected well.

fossil, non-renewable ones. Beyond the implications for offshore
groundwater utilization, improving freshwater storage beneath
modern coastal areas — peculiarly where artificial recharge is
already employed — may greatly benefit from recognizing and
assessing the offshore extension of onshore aquifer systems.

6. Conclusions

Reinterpretation of legacy stratigraphic, geophysical, hydrogeolog-
ical, and geochemical datasets, integrated with coastal-to-shelf well-
logs correlation, salinity classification, volumetric analysis, and first-
order hydrogeological modelling, enabled the identification and
quantification of offshore fresh and brackish groundwater beneath
the North Adriatic shelf. Freshwater and brackish water occur within
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laterally extensive, multi-layered fluvio-deltaic aquifers of the PS3
Sequence (last ~870 kyr), extending up to ~50 km offshore within
the upper ~400 m below the seafloor. Minimum estimated volumes
reach 26.5 km?> of fresh water and 33.4 km> of brackish water.

Coastal-to-shelf correlations demonstrate that offshore aquifers
represent the basinward continuation of onshore groundwater sys-
tems, with net-thickness patterns indicating strong lateral connec-
tivity developed during repeated lowstand shelf exposure and
fluvio-deltaic progradation and deposition over multiple glacial-
interglacial cycles during the last 870 kyr.

The distribution and long-term preservation of low-salinity off-
shore groundwater are primarily controlled by Pleistocene glacio-
eustatic oscillations, tectonic activity, and the development of region-
ally extensive aquitards during transgressive and highstand phases.
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Hydrogeological evidence and modelling consistently support
active hydraulic connectivity and a land-to-sea freshwater flow
regime, implying that a significant portion of these offshore
resources is actively recharged and potentially renewable.

Despite the need for further validation and water-quality
assessment, the shallow depth, large areal extent, and relatively
low salinity of these aquifers highlight their potential relevance
for future resource evaluation. More broadly, this study demon-
strates that legacy hydrocarbon and groundwater datasets provide
a transferable, cost-effective framework for offshore groundwater
assessment in continental-shelf settings worldwide.
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