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Abstract

Continental coastal aquifer systems are well-studied worldwide and are often characterized on the basis of extensive and
diverse borehole datasets. However, while it is postulated that in some cases, these aquifers may extend offshore, their seaward
reach remains widely unknown due to the frequently limited availability of data, particularly for subsurface sediments and
their pore water salinity. This paper presents a valuable characterization of the onshore aquifers in the Venetian-Friulian Plain
(northeastern Italy) and their offshore extension in the Northern Adriatic Shelf, within ~20 km from the coastline. Three-
dimensional digital geological and stratigraphic modeling was used to investigate geometries of the layered artesian aquifer
system hosted in the Middle to Late Pleistocene sedimentary succession. Near-coastal and offshore aquifers are found to have
mainly formed during coastline migration driven by sea level changes and low-permeability layers, sealing these aquifers,
result from fine alluvial sediments during sea level lowstands or fine marine sediments during highstands. This study sug-
gests that Quaternary glacio-eustatic fluctuations are mainly responsible for the genesis of the layered aquifer system in the
study area. Given the consistency of depositional processes active in the Northern Adriatic Basin since Middle-Pleistocene,
and that coastal fresh groundwater extends hundreds of meters below the topographic surface, this study confirms that the
Northern Adriatic Basin has significant potential to host widespread offshore freshened groundwater aquifers. This resource
might represent an additional freshwater supply in the future.
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Introduction

Published in the special issue “Advances in understanding offshore

freshened groundwater”. Groundwater utilization dates from ancient times and pres-

ently sustains 50% of the global urban population as an
essential resource for human consumption, agriculture, and
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industry (United Nations 2022). It is primarily investigated
in terrestrial contexts; however, recent studies (e.g. Post et al.
2013; Micallef et al. 2021) shed light on the potential of con-
tinental shelves to host large amounts of offshore freshened
groundwater (OFG). The interest in OFG is primarily associ-
ated with the prospect of utilization which could present an
important additional water resource in the future, either for
direct use or for desalination purposes. Since OFG is a new
hydrogeological frontier there is still a poor understanding
of its distribution, timing, and the controlling factors for its
occurrence (Micallef et al. 2021). Although OFG aquifers
may exhibit several genetic and emplacement mechanisms,
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the most common is meteoric recharge during the sea level
lowstands (Micallef et al. 2021).

This study investigates the geological and stratigraphic
framework of the Pliocene and Quaternary sediments of the
Venetian Friulian Plain (VFP), an Italian region hosting a
layered, confined aquifer system that lies hundreds of meters
below the ground level. In light of the interest in alternative
freshwater sources such as OFG, the scope of this study was
extended to the nearshore sector of the Northern Adriatic
Basin (NAB), offshore from the VFP.

Onshore groundwater is often a vulnerable resource suf-
fering significant pressure due to growing consumption, cli-
mate change, waste from pipeline leakage and other sources
of contamination. In the VFP, groundwater resources are
threatened by numerous factors. The most important is
anthropogenic, in particular the over-exploitation of artesian
flowing wells and the unsustainable utilization of surface
waters (Zini et al. 2023). The exploitation rate from these
aquifers is estimated at 48.6 m>/s, while the recharge rate is
about 43.7 m>/s, which threatens the future freshwater avail-
ability (Zini et al. 2023) and promotes saline water intrusion
(Goswami et al. 2020). In addition to excessive exploitation,
the escalation in both the intensity and frequency of extreme
rainfall events in recent years due to climate change (ARPA
FVG 2018) has led to a reduction of groundwater recharge
and an increase in surface runoff (Horton et al. 1940; Dunne
et al. 1983; Bronstert et al. 2023).

From 1961 to 2016, the average temperature rose by
0.3 °C per decade (ARPA FVG 2018), leading to a growing
evapotranspiration deficit and an increased water demand,
especially in the summer season.

One of the biggest challenges to avoid long-term aquifer
depletion is to gain a comprehensive knowledge of the aqui-
fer recharge mechanisms and thus adapt utilization to a sus-
tainable rate. To achieve this, the comprehensive knowledge
of aquifer characteristics is a fundamental tool for quanti-
fying, managing, and monitoring groundwater availability
(Canter 1982). This includes knowledge of sedimentary
architectures and lithological characteristics, which can be
obtained through advanced aquifer characterization tech-
niques. These techniques include data acquisition methods
such as geophysical surveying and borehole logging, as well
as interpretative approaches like geological and petrophysi-
cal modeling (Maliva 2016). Previous studies in the area
have primarily examined onshore aquifers (Zini et al. 2023),
while the offshore sector remains poorly investigated. Ama-
dori et al. (2020) presented a broad stratigraphic overview
encompassing both coastal onshore and offshore areas in
the western sector of the northern Adriatic Basin, albeit not
specifically focused on aquifers. Therefore, a comprehensive
three-dimensional geological and stratigraphic overview of
the onshore—offshore region of the VFP and its NAB coun-
terpart remains missing.
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This paper aims to investigate geometries, architec-
tures, and the origin of the complex aquifer system hosted
in the Middle to Late Pleistocene siliciclastic sedimentary
sequences of the VFP, including the coastal zone and the
offshore area of the NAB as a “continuum” of the onshore
subsurface water network. The subsurface is characterized
by developing four three-dimensional models thereby pre-
senting a comparison of different modeling approaches.
These include (1) a deterministic lithostratigraphic data
interpolation model using Leapfrog GEO (provided by
Seequent); (2) a stochastic geostatistical model using Petrel
2021 (from Schlumberger); (3) a trend model of aquifers
geometries independent of lithological data; and (4) a 3D
model of sedimentary sequences associated with Pliocene
to Quaternary sea level fluctuations based on literature and
reinterpreted borehole stratigraphic description.

This article is the first part of a wider research project
on characterizing OFG across the NE Adriatic shelf, which
follows an established two-step workflow, used for studying
OFG on several worldwide continental margins (Micallef
et al. (2020) for the New Zealand offshore; Lipparini et al.
(2023) for offshore Sicily, Italy; Sheng et al. (2023) for
the Pearl River Estuary in South China). This workflow
includes, first, the modeling and characterization of the
aquifers from a geological perspective (including lithology,
stratigraphy, and physical properties of sediments, including
permeability) and, second, the modeling of hydrogeological
aspects relevant to groundwater flow simulations (Corradin
2025).

Geological setting

The study area is located in north-eastern Italy, between
the southern Alps piedmont and the northern Adriatic Sea.
It comprises the eastern portion of the VFP and the NAB
(Fig. 1). The area is approximately 80 km long and 60 km
wide (Fig. 1a). It is bounded to the NW and NE by the active
NE to SW-oriented alpine fold and thrust systems, and by the
active NW to SE-oriented fold and thrust system underlying
the Friulian Plain, respectively (Marchesini et al. 2023). To
the south, the study area is bounded by the northern tip of
the Adriatic Italian Economic Exclusive Zone (EEZ) and to
the west by the western portion of the VFP (Fig. 2a).
Together with the NAB, the VFP lies on the Adria Micro-
plate, an African tectonic plate associated with the continen-
tal collision with Eurasia (Dercourt et al. 1986; Robertson
and Grasso 1995). This area is the foreland of three differ-
ent orogens (the Apennines, the Alps, and the Dinarides),
which developed along three independent subduction zones.
The orogenic activity surrounding the north Adriatic Plate
persists, although Apennines subduction dominates, dic-
tating the asymmetric subsidence in the northern Adriatic
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Fig.1 (a) Simplified structural geology map of the Adriatic Basin
and surrounding landmasses. The study area (solid red line) is sur-
rounded by External Dinarides to the east and Southern Alps to the
north. Tectonic lineaments, including major undifferentiated faults
and thrusts in Italy and surrounding regions are modified after Palano
(2015). Seismic lines ST09-19 and GT05-01 are sourced from Zec-
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chin et al. (2022). (b) Plio-Quaternary stratigraphic sequences of
seismic lines ST09-19 and GT05-01 and main stratal surfaces, includ-
ing the Late Gelasian Surface (LGS), which marks a major drowning
event dated at 1.86 Ma (modified after Zecchin et al. 2022). The ver-
tical axis is expressed in two-way travel time (TWT)
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Fig.1 (continued)

region (Cuffaro et al. 2010; Livani et al. 2023) and produc-
ing a wedge-shaped Pliocene to Quaternary sedimentary unit
(Zecchin et al. 2022). The maximum thickness of these sedi-
ments is ca. 2 km in the south-western portion of the Venice
Lagoon and decreases toward the east (Carminati et al. 2003;
Zecchin et al. 2022) (Fig. 1b).

It is important to note that the study area borders the
eastern edge of the Po Plain and the western sector of the
NAB, where the subsurface structure is well-constrained
thanks to extensive geophysical and geological data sets
primarily originating from hydrocarbon exploration (e.g.,
Amadori et al. 2019, Livani et al. 2023), and the offshore
sedimentary evolution has been extensively studied through
high-resolution seismic reflection surveys and coring (e.g.,
Amorosi et al. 2016; Ronchi et al. 2018; Campo et al. 2024).
The VFP and the eastern sector of the NAB, which are com-
paratively lacking in subsurface data, feature a different
structural setting and sedimentary evolution with respect to
the Po Plain. This is mainly due to a much lower subsid-
ence rate (e.g., Carminati et al. 2003) due to the influence of
the Dinaric system in the geodynamic evolution of the VFP
(e.g., Zecchin et al. 2022; Brancatelli et al. 2023), as well
as a contrasting surface hydrography (e.g., Fontana et al.
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2008). These factors result in a significantly lower river-
ine sedimentary input to the marine basin (e.g., Correggiari
et al. 1996).

The Venetian Friulian Plain (VFP)

The main sediment sources feeding the VFP are the South-
ern Alps and the External Dinarides. The eastern portion of
the VFP is characterized by a network of rivers that originate
in the Alpine and Pre-Alpine regions and flow southward
toward the Adriatic Sea (Fig. 2a). The sedimentary dynamics
of these rivers play a crucial role in shaping the landscape of
the plain. Conical-shaped alluvial fans and megafans extend
into the plain from the outlets of the major valleys of the
southern Alps Piedmont (Mancin et al. 2007; Fontana et al.
2008, 2010). Their Late Pleistocene and Holocene evolution
were mainly controlled by climatic changes and eustasy with
a southward aggrading phase related to glacial periods (Fon-
tana et al. 2010). The last alluvial depositional phase dates to
the Last Glacial Maximum (LGM) and was followed, after
20,000 years BP, by a marked reduction in rates of deposi-
tion accompanied by strong alluvial incision.
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The VFP can be divided into two hydrogeologically dif-
ferent areas: the High Plain (HP) and the Low Plain (LP)
(Fig. 2a,b) separated by the resurgence belt (see below). A
conceptual representation of the HP and LP hydrogeological
settings is given in Fig. 2b. The HP extends 10-25 km from
the mountain front and has a relatively steep topographic
gradient (0.3-0.7%). It is mainly composed of gravel, asso-
ciated with megafans development, and hosts a thick phre-
atic aquifer. The LP extends from the resurgence belt to the
coastline and has a lower topographic gradient (0.1%). Here,
alternating layers of high permeability (mainly sand) and
low permeability (silt/clay) reflect varying depositional envi-
ronments, from fluvial/alluvial to lagoon and coastal settings
resulting in the formation of 11 to 12 confined aquifers that
reach a depth of 500 m below sea level (Zini et al. 2011;
Cucchi et al. 2008; Marcolla et al. 2021). Confined aquifers
have an average thickness of 15 m and are separated by 10 to
40 m thick confining units (aquitards) (Zini et al. 2023). The
five shallowest aquifers are located approximately within the
first 250 m below ground level. The resurgence belt (e.g.,
Cucchi et al. 2008; Fig. 2a,b) marks the transition between
the High and Low Plains. It is an approximately east—-west
elongated area characterized by the widespread occurrence
of springs of groundwater from the HP that encounters a
less permeable medium in the sediments of the LP (Mar-
telli and Granati 2006; Zini et al. 2011). Mountain recharge
and infiltration of precipitation in the HP are the primary
water sources for the confined aquifers downstream. Over-
flow from the HP feeds the belt of resurgences, a distinctive
drainage system called the resurgence river system. Resur-
gence and alpine rivers generate a surface water flow in the
LP and into the northern Adriatic Sea.

A peculiarity of the northern Adriatic coastline in Italy
is the presence of lagoons, particularly unstable and fragile
transitional areas, comprising a variety of different habitats
of unique environmental and eco-systemic value (Fontolan
et al. 2012). The northern Adriatic Sea hosts two major
lagoons, the Venice Lagoon and the Grado-Marano Lagoon.

The location of the maximum flooding surface and paleo
lagoon deposits from the Middle Pleistocene (MIS-7 inter-
glacial) to the present has been reconstructed in the subsur-
face of the VFP from borehole studies (Marcolla et al. 2021;
Fontana et al. 2010; Carton et al. 2009; Zecchin et al. 2017).
Evidence of the transgression is found progressively land-
ward with time, reaching 25 km from the present coastline
about 20 km landward of the coastline below the present
course of the Tagliamento River, in the case of MIS-7 inter-
glacial (Fig. 2a).

The Northern Adriatic Basin (NAB)

The Adriatic Sea overlies the largest low-gradient epi-
continental shelf in the Mediterranean area with a lateral

extension of ca. 800 x 200 km (Fig. 1a). The seafloor of the
northern sub-basin (the NAB), reaches 100 m below sea
level, with an extremely gentle bathymetric gradient along
the major axis (ca. 0.035%) (Russo and Artegiani 1996; Cat-
taneo et al. 2007). Presently, it is subject to micro-tidal and
storm-dominated regimes, characterized by a cyclonic ther-
mohaline circulation that forces riverine waters to flow coun-
ter-clockwise along the basin’s western side, in a southerly
direction (Malanotte-Rizzoli and Robinson 2012). Together
with tidal erosion and wave-induced currents, these factors
determine the morphology of the coastal areas.

The terrigenous sediment source in the NAB is almost
exclusively fluvial, with very little or absent aeolian supply
(Colantoni et al. 1979). In the study area, the rivers draining
the eastern Alps (Adige, Brenta, Piave, Tagliamento, Isonzo)
carry mainly detrital carbonates (Vdovic and Juracic 1993;
Covelli et al. 2004) and contribute 3.0 X 106 tons per year
altogether to the NAB. The present fluvial supply originating
from the Dinarides is essentially negligible. By comparison,
the Po River alone, discharging in the western sector of the
NAB transports material eroded from the Central and West-
ern Alps and the northern Apennines, contributes a sediment
flux to the basin of 3.9 x 107 tons per year (Correggiari et al.
1996).

Figure Sla of the electronic supplementary material
(ESM) shows the present-day grain size distribution of sea-
floor sediments in the eastern sector of the NAB, highlight-
ing nearshore areas characterized by silt and clay deposits,
representing the primary rivers’ asymmetric prodeltas (e.g.,
the Tagliamento and Isonzo rivers’ pro-deltas). Conversely,
farther away from the coast, large coarse sandy deposits
(95% sand content) are relict paleo-shorelines formed dur-
ing the Holocene transgression (Brambati et al. 1983; Col-
antoni et al. 1979; Zecchin et al. 2015). These deposits are
still exposed at the seafloor because of the persistent along-
shore drift currents that cause along-shore dispersion of fine-
grained sediments into the Meso-Adriatic Deep (Brambati
et al. 1983). Laterally continuous and amalgamated coastal
sands located in the proximal sector of the basin are gen-
erally linked to highstand periods or onset of falling sea-
level (Fontana et al. 2010, their Fig. 2). Two generations of
incised valleys exist offshore the Venice Lagoon, east of the
study area, originated by fluvial erosion and subsequent infill
during the Last Glacial Maximum exposure of the NAB,
and by tidal inlets and channels during the establishment of
a transgressive lagoon environment in the early Holocene
(Ronchi et al. 2018).

The first study concerning the occurrence of nearshore
NAB aquifers was proposed by Giustiniani et al. (2022)
which highlighted the potential middle-late Pleistocene
sediments of the NAB to host fresh, or freshened aquifers
through the analysis of seismic reflection lines and the
seismo-stratigraphic sequences analysis. Evidence of several
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«Fig.2 (a) Overview of the study area and the location of the main
dataset. The figure depicts: Faults (red lines) (Marchesini et al.
2023), the resurgence line (dashed blue line), the main hydrography
(solid blue lines), the EEZ (solid gray line), seismic profiles (solid
black lines), the MIS 7 and MIS 5 marine transgressions (dashed
purple and green lines), modified after Marcolla et al. (2021). The
traces of cross-correlation panels: 1 Along-Coast correlation panel;
2 Onshore-Offshore Correlation Panel; and 3 Venezial-Azzano
Decimo Correlation Panel. Borehole names have been abbreviated as
follows: Vel. Venezia 1; SAP1, San Dona di Piave 1; Er 1, Eraclea
1; Cal, Cavanella 1; Cel, Cesarolo 1; AzX, Azzano Decimo; TdM,
Torre di Mosto; Pra, Pramaggiore. R1, R2, R3, R4 is a subgroups of
the regional dataset. (b) Conceptual model of a transect of the study
area (modified after Zini et al. 2011)

hundreds of meters of freshwater-saturated sediment is pro-
vided by hydrocarbon well VIDEPI Assunta 1 (see the Input
dataset section).

Cyclothems

Since the Middle Pleistocene Transition (MPT), both the
NAB and the southern portion of the VFP have experienced
several cyclical sea level fluctuations and consistent deposi-
tional processes (Massari et al. 2004; Amadori et al. 2020).
Regressive—transgressive (R-T) cycles led to the deposition
of sequences of shallow-marine (i.e., shoreface, innershelf,
prodelta) to continental (i.e., aeolian, fluvial, floodplain)
facies named “cyclothems” (Amadori et al. 2020). R-T fre-
quency is related to the periodicity of glaciations and astro-
nomical cyclicity, which changed from being dominantly
40 ka before the MPT (obliquity-dominated) to 100 ka after-
ward (eccentricity-dominated) (Shackleton 1997). Within
this framework, each cyclothem serves as a sedimentary
archive encompassing the interval between consecutive odd
(interglacial) marine isotopic stages (MIS—Martinson et al.
1987). The shallowest five cyclothems correspond to sedi-
mentary representations of MIS 5to 1, 7t05,9to 7, 11 to
9, and 13 to 11, respectively. Cyclothems record variations
in sedimentary bodies geometries and grain size, reflecting
changes in accommodation space and depositional environ-
ment. The lowest portion of a cyclothem records the falling
stage systems tract (FSST) followed by a lowstand systems
tract (LST), reflecting the stratigraphic transition from shal-
low marine to littoral and continental deposits. In its shal-
lower and transgressive portion, each cyclothem records the
shift from continental to littoral and shallow marine environ-
ments during the transgression and the following sea-level
highstand phases (transgressive system tract—TST, high-
stand system tract—HST). Moreover, an overall regressive
trend due to the progressive infilling of the NAB is repre-
sented by a trend of upward increase of continental sedimen-
tary facies (Amadori et al. 2020). The southward and north-
ward shifting of the shoreline during Quaternary R-T cycles
likely occurred parallel to the present-day arcuate coastline.

For the last R-T cycle, this is evidenced by the shape of
the last glacial maximum shelf break, currently located at
the mid-Adriatic deep and by the telescoped transgressive
and regressive parasequences in the geological record (e.g.,
Correggiari et al. 1996; Storms et al. 2008; Amorosi et al.
2016). Similar, though less precisely mapped, previous
coastline migrations are described by Marcolla et al. (2021),
Fontana et al. (2010), Carton et al. (2009), and Zecchin et al.
(2017). A reconstruction of the marine transgression limits
from the last two cycles is shown in Fig. 2a.

Eccentricity-dominated cyclostratigraphy since MPT
has been investigated by several authors in the NAB and
VFP (Massari et al. 2004; Zanferrari et al. 2008; Bresolin
2013; Marcolla et al. 2021; Fontana et al. 2010; Fontana
et al. 2012; Amorosi et al. 2016; Campo et al. 2017; Ama-
dori et al. 2020; Zecchin et al. 2022) and in the Central
Adriatic Basin (Trincardi and Correaggiari 2000; Ridente
and Trincardi 2002; Piva et al. 2008). Onshore, the two
deepest borehole stratigraphies interpreted for R-T cycles
are Venezia 1 (950 m bsl) and Azzano Decimo borehole
(271 m bsl), respectively. The Venezia 1 borehole is located
on the coast and shows five major R-T cycles, each 30-75 m
thick, formed by the cyclic alternation of coastal or deltaic,
lagoonal, fluvial, floodplain deposits and overlying shallow
marine or shelf facies. The third cycle from the top is rep-
resented by two minor obliquity-based cycles of 40k years
(Massari et al. 2004; Amadori et al. 2020). The Azzano
Decimo well is located approximately 34 km landward from
the coast and was interpreted for eight R-T sequences in the
upper 260 m (Fig. 2a). In the Azzano Decimo well, the last
transgression-related sediments are not recorded because the
last interglacial maximum flooding surface is located south-
ward (Zanferrari et al. 2008). Offshore, cyclothems com-
prehensive sequence base have been seismically interpreted
and corresponds to the U8b unit identified by Zecchin et al.
(2022) (Fig. 1b).

Materials and methods
Input dataset

Within the study area, the bulk of the information comes
from the regional hydrological borehole dataset compiled
by the University of Trieste (Fig. 2a). The borehole data-
set contains data from the hydrological well database of
the Geological Survey and Hydrological Resource Man-
agement Survey of the Friuli Venezia Giulia Autonomous
Region, the Italian Institute for Environmental Protec-
tion and Research (ISPRA) and the Friuli Venezia Giulia
Regional Environmental Protection Agency (ARPA FVG).
An additional set of hydrological well data was provided
by the company Livenza Tagliamento Acque (LTA) S.p.A.
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that manages potable water abstraction and distribution in
the study area. Finally, publicly available well data from
the Geologic Cartography of Italy Project (CARG) and the
Visibility of Petroleum Exploration Data in Italy Project
(ViDEPI) were used (Fig. S1b of the ESM). Regarding the
boreholes, 1626 onshore boreholes feature lithostratigraphic
data and 5164 boreholes provide information on wells screen
depth (Fig. S1b,c of the ESM). The well screen is the win-
dowed section of the well casing through which water can
enter the pipe and indirectly provides the approximate thick-
ness of a high permeability layer. When the depth of the
screen was not available, it was assumed to be the maxi-
mum well depth in accordance with Zini et al. (2011). This
approximation is justified by the fact that drilling above the
target freshwater-bearing layer is ineffective, while drill-
ing far beyond an aquifer is economically and technically
unnecessary. The reliability of the stratigraphic dataset is
significantly affected by variations in the year of acquisition,
depth targets and drilling objectives. Most of these bore-
holes, which focus on shallow depths, were drilled primar-
ily for freshwater supply purposes, while the deeper wells
are typically for geothermal resource energy utilization or
hydrocarbon exploration. For the Venezia 1 (Massari et al.
2004), Azzano Decimo (Zanferrari et al. 2008), Torre di
Mosto and Pramaggiore boreholes, a detailed analysis of the
depositional facies is available in addition to hydrological
information (Fontana et al. 2010; Fontana et al. 2012). Four
onshore wells (Venezia 1, Eraclea 1, Cesarolo 1, Cavanella
1) and one offshore well (Assunta 1), were drilled for hydro-
carbon exploration, provide spontaneous potential, and resis-
tivity logs. The published multichannel seismic reflection
lines considered for this study are GT09-10 from OGS seis-
mic profiles collected by the R/V OGS Explora in the Gulf
of Trieste and ST 09-19 and ST09-13 from the STENAP
dataset (Donda et al. 2013; Zecchin et al. 2022) (Fig. 2a).

Pseudo-stratigraphic logs and seismic-borehole ties
with respect to cyclothems

The offshore portion of the study area has significantly less
data coverage than the onshore counterpart. Four offshore
pseudo-stratigraphic logs (PS1, PS2, PS3, PS4) were gener-
ated to better constrain the model. These pseudo logs pro-
vided a simplified representation of the area’s stratigraphy,
capturing lithological variations associated with cyclothems.
The pseudo logs are located along seismic lines that were
previously used for the identification of the cyclothem
sequence by Zecchin et al. (2022) (refer to the “Cyclothems”
section). The maximum depth of the pseudo log is therefore
set equal to the base of the cyclothems. Within the cyclo-
them unit, four reflectors corresponding to the base of each
cyclothem were interpreted for the two western pseudo-
wells (PS1, PS2) located on seismic lines ST09-13B and

@ Springer

ST09-19. These reflectors were later converted from time
to depth using a velocity of 1700 m s~ for Quaternary sedi-
ments (Dal Cin et al. 2022). Eastward, in the pseudo-strati-
graphic logs PS3 and PS4, the thickness of the cyclothems
falls below the resolution of the seismic data. As a result,
each individual cyclothem was assumed to have a uniform
thickness down to the unit’s basal surface. Each cyclothem
was assigned a stratigraphy representing a complete R-T
cycle, with the relative thickness of lowstand, falling stage,
transgressive highstand systems tract (LST + FSST, TST
and HST) inferred from the Venezia 1 well cyclothem 5, as
summarized in Fig. 3. This stratigraphic framework was then
applied to all cycles in the pseudo logs.

The utilization of pseudo logs to improve the property
prediction has been widely proven to be a useful approach
for reservoir facies modeling (e.g., Ayeni et al. 2008; Con-
nolly and Hughes 2016; Liu et al. 2020). However, their
representativeness is inherently constrained by assumptions
regarding lateral continuity and stratigraphic simplifications.
The utilization of pseudo logs in this study includes two
main assumptions: (1) the stratigraphy of the Venezia 1
well extends uniformly from the western to the eastern por-
tions of the NAB, and (2) cyclothem 5 of the stratigraphic
record of Venezia 1 is representative of all cyclothems in
the pseudo stratigraphic logs. The first assumption is made
according to the description of the cyclothem sequence by
Zecchin et al. (2022) and Amadori et al. (2020), which rep-
resents a laterally continuous sedimentary succession of
sub-parallel units for the entire northern Adriatic Basin. The
second assumption is based on the different relative posi-
tions of the Venezia 1 well and the pseudo logs within the
basin. Venezia 1 was chosen as the reference because it is
the closest borehole with a detailed stratigraphic interpre-
tation, capturing the transition from continental to marine
environments over Plio-Quaternary sea-level fluctuations.
However, as suggested by Amadori et al. (2020), progres-
sive sediment input during the Plio-Quaternary caused the
Venezia 1 site to become increasingly shallow, reducing the
influence of sea-level fluctuations on its depositional his-
tory. Since the pseudo stratigraphic logs are located offshore,
where deeper depositional settings prevailed, cyclothem 5,
the deepest identified cyclothem in Venezia 1, was selected
as the reference. This choice ensures that the reference cycl-
othem reflects conditions more comparable to the offshore
locations of the pseudo logs. The utilization of pseudo logs
might introduce uncertainties on basin infilling, sediment
supply variations, and differential subsidence that may have
led to localized deviations from the assumed depositional
framework. Nevertheless, this level of simplification was
considered to be appropriate in this case given the fact that
the study area, in the eastern portion of the north Adriatic
Basin, underwent a uniform sedimentary and tectonic his-
tory. The construction of these logs is based on previous



Hydrogeology Journal

Cyclothems Venezia 1 Pseudo-stratigraphic
Facies analysis stratigraphic log log
&
2 £ L L
i“- ﬂ‘_ .\.L-
2 || A
E‘ FRET : "Q.II'\- 160 = = L 11
. - Marine siltclay
E R Transgressive fiuvial
—_ 200 and coastal sands
N [ .
E LT I
% FRET . . ARivialFloodolal
Lok fiuvia plain
: 10— silticlay
o s :
g | | E 220~
5 i
: Regrassive fluvial
M : . and coastal sands
o : : 230 = e
o T : :
& = ;
5‘ FRAT |
40— Marine and deltak:
o E siliciay
: s Eoturbaton 1
ﬂ 81 = A Roobet bed :
_E“ rust . T i e Dl Eieabaes -

Fig.3 Conceptual representation of a pseudo-stratigraphic log. (left)
a conceptual borehole exhibits five successive R-T cycles with con-
stant thickness, each composed of a regressive phase (FSST+LST)
and a transgressive phase (TST+HST). Thickness proportions are
derived from the 5th cycle recorded in Venezia 1 (Amadori et al.
2020), whereas the regressive phase constitutes 85% of the cycle

investigations in the basin, and the offshore study area is
spatially limited. While pseudo logs do not fully capture
the stratigraphic complexity, they effectively represent the
proportion of permeable and impermeable rock types that
function as aquifers or confining units. This makes them
suitable for constructing a regional hydrogeological model
of the offshore facies.

Modeling
Despite the substantial amount of geological information

available, its distribution across the study area is highly une-
ven. This limitation inevitably affects the modeling results.

thickness. (right) illustration depicting the magnified view of a sedi-
mentary sequence for one cycle, along with the assumed sedimentary
depositional environment. Given the limited literature, the coastal
deposits of regressive phases are simplified and assumed to be as
thick as the alluvial and marine facies

However, it is important to address this issue and provide the
most accurate geological reconstruction possible with the
available data. To achieve this, a multi-approach modeling
method was employed. In the modeling phase, four different
three-dimensional models were developed: a geostatistical
model (GS model), a lithostratigraphic data interpolation
model (LSI model), a trend model of aquifers geometries
(TR model), and a cyclothems base geometries model (CB
model). Table 1 summarizes the key aspects of each model.
In all models, the upper boundary corresponds to the topog-
raphy, while the cyclothems sequence base defines the lower
boundary. The GS and LSI models were built with Petrel
(provided by Schlumberger) and Leapfrog GEO (provided
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Table 1 Key aspects of the developed models

Model Model objective Input data Methodology ~ Accuracy Limitations

GS Permeable facies distribution ~ Training set (lithological information)  Geostatistics ~ 86% Non-unique model result

LSI Permeable facies distribution ~ Training set (lithological information)  Interpolation  82% Geometrical constraint required

TR Exploited aquifers geometries Training set (geometrical information) Clustering and - Large dataset required and
interpolation challenging clusterization

CB Cyclothems geometries Literature and newly interpreted bore-  Interpolation - Few data available

hole logs and stratigraphies

GS Geostatistical model, LSI Lithostratigraphic data interpolation model; TR Trend model of aquifers geometries; CB Cyclothems base geom-

etries modeling

by Seequent), respectively, and define the distribution of lith-
ological facies within the study volume. This dual approach
was chosen to compare how different methodologies cap-
ture lithological heterogeneity based on the same input data.
The TR and CB models, both built with Leapfrog GEO, are
three-dimensional models of the surfaces that approximate
the average geometric trend of the main exploited aquifers
(TR model) and cyclothems-related cyclostratigraphy (CB
model). The GS, LSI, and TR models use the same input
borehole dataset, while the CB model is based on data from
previous studies and new interpretations of cyclothem bases.
The dataset, used for GS, LSI, and TR models was split
into a training set, which is used to build the models, and a
testing set, employed to assess their accuracy. The training
set consists of the lithostratigraphic dataset, the stratigraphy
of pseudo-wells, and 70% of the screen dataset. The train-
ing set was edited to exclude lithostratigraphic layers with a
thickness greater than 50 m from modeling. This data selec-
tion process was implemented differently for the high plain
(HP) and low plain (LP) settings since the literature indicates
that the former is characterised by greater lithological uni-
formity and more limited clay-rich horizons than the latter
(Zini et al. 2023). In the HP, silty/clay layers exceeding 50 m
were discarded from the modeling, whereas in the LP, no
lithofacies distinction on layers exceeding 50 m was made.
This approach is supported not only by the general under-
standing of the region’s complex meter-scale stratigraphy,
which includes numerous thin lenses and layers, particularly
in the LP, but also by the fact that well logs were primar-
ily collected for practical purposes. In many cases, log data
provided a broad overview of the depths of the most produc-
tive aquifer layers rather than being intended for detailed
stratigraphic analysis and, for this reason, feature a lower
lithological resolution, i.e., a lower distinction between
permeable layers and an undifferentiated matrix or highly
mixed deposits (e.g., silty clay mixed with gravel). While
these logs confirm the presence of aquifers, the character-
istics of the surrounding matrix is often unreliable. As a
result, this filtering process is unlikely to remove valuable
geological information but instead help reduce the noise,
thereby improving the overall reliability of the model. The
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testing set comprises the remaining 30% of the well screens
dataset. The well screens dataset was chosen for accuracy
calculations as it is considered to be the most robust due to
being unaffected by the drilling objective. The accuracy was
computed by determining the ratio of data points in the test-
ing set that fell within the permeable sectors of the model to
those that fell outside. For this reason, the model accuracy
was calculated exclusively for the GS and LSI models which
describe the permeable facies distribution.

Large datasets can have their utility compromised if they
are not homogeneously distributed across the target area.
In this specific case, the calculation of model accuracy is
affected by the distribution of the training and testing set.
As the data points are mainly concentrated in the north of
the LP (Fig. S1c of the ESM), the modeling and validation
processes are more robust in the inland area.

Geostatistical model from lithostratigraphic data (GS)

The GS model is a three-dimensional stochastic model in
which lithological spatial patterns are estimated via geosta-
tistical methods. Geostatistical methods have been widely
used to obtain realizations of sedimentary facies distribu-
tions, which are then assigned hydraulic parameter values
for groundwater modeling (Maliva et al. 2015). The facies
groups identified in the borehole stratigraphy of the train-
ing set range from coarse gravel to fine-grained clay and
peat. These were grouped into three main classes based on
hydraulic conductivity: gravel (class 3, very high perme-
ability), sand (class 2, medium—high permeability), and
fine-mixed facies, including mixed silt/clay and peat (class
1, low permeability). Class 1 was specifically defined to
represent low-permeability facies by incorporating fine and
fine-grained/mixed sediments. The distribution of facies in
the model domain was predicted using the sequential indi-
cator simulation (SIS). SIS is a stochastic modeling tech-
nique that relies on variogram parameters derived from
borehole data (Pyrcz and Deutsch 2014). Variogram mod-
els must be inferred from the experimental variogram and
expert judgment based on the conceptual geological model
(Fig. 2a) (Deutsch and Journel 1992). Each facies class was
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constrained by a directional variogram calculated from
the borehole data for two horizontal directions (major and
minor) and the vertical direction. The vertical correlation
length was determined by calculating experimental vari-
ograms in the vertical direction. The variogram model for
the horizontal directions was determined after making some
assumptions about the direction of maximum correlation
(i.e., azimuth of the major axis) based on prior geological
knowledge of the region. The variogram analysis revealed
high correlation lengths for classes 2 (sand) and 3 (gravel)
in two directions (i.e., roughly parallel and perpendicular to
the coastline). For sand, the dual direction is explained by
the fluvial depositional process in combination with coast
parallel beach deposits (e.g., dunes and barriers). In the case
of gravel, both correlation directions indicate high-energy
fluvial processes. The first direction, transverse to the coast-
line, reflects fluvial deposition close to the river course or
paleochannels. The second direction, parallel to the coast-
line, reflects grain size sorting due to downstream decreas-
ing energy from the mountain river outlet to the coast. This
coast-parallel trend is responsible for the HP and LP grain
size differences in the contemporary VFP. The variogram
analysis of class 1 (low-permeability) was inconclusive, as
it returned high correlation lengths in multiple directions.
This is likely due to the fact that class 1 encompasses multi-
ple lithological components despite sharing an expected low
permeability and thus be related to different and overlap-
ping depositional processes. The variogram model parallel
to the coastline was selected for class 2, and perpendicular
to the coastline for classes 1 and 3. This is due to the fact
that the deposition of shales and gravel is expected to be
predominantly fluvial-related, whereas sands are expected
to be mostly marine-related. Table 2 summarizes the main
geostatistical parameters for each facies. A spherical vari-
ogram model was used to fit the experimental variogram
for all classes.

Furthermore, lithological trends in both vertical and hori-
zontal directions have been determined from the borehole
data and employed as soft constraints. This was done to cap-
ture the geological heterogeneity in the model domain as
demonstrated in Thomas et al. (2019). The 3D trend for each
facies class is shown in Fig. S2 of the ESM.

Table2 Main parameter values utilized for GS models provided by
Petrel data analysis

Azimuth °N
(major axis)

Facies class ~ Correlation length (m)

Major axis ~ Minor axis  Vertical
l—clay/silt 35,000 33,000 30 —40
2—Sand 30,562 17,064 20 58
3—gravel 30,562 17,064 75 —40

Azimuth values are relative to the local coordinate system in Petrel

SIS allows for the generation of multiple facies model
realizations, or scenarios from the stochastic model, that all
fit the input data. Therefore, the model accuracy calcula-
tion described in the “Modeling” section was used as the
selection criteria to determine the best-fitting model. The
grid contains 30 layers with an average height of 10 m to
capture the vertical heterogeneity of the aquifer units and a
cell diameter of 250 m in the horizontal direction.

Lithostratigraphic data interpolation model (LSI)

The LSI model is a three-dimensional deterministic model
built via interpolation using Leapfrog GEO software, which
relies on borehole data to ascertain the lithological chronol-
ogy or stratigraphic sequences within the surveyed region.
The LSI model aims to depict a permeable layer is hosting
the aquifers (phreatic and confined) and the aquitards that
separate each confined aquifer from the preceding and suc-
ceeding ones. To achieve this, borehole lithostratigraphic
layers of the training set were clustered into two main sub-
groups: low permeability (class 1, silt/clay) and high perme-
ability (class 2, sand/gravel). High permeability refers to
materials with a hydraulic conductivity greater than approxi-
mately 1 m per day. Furthermore, class 2 layers have been
clustered based on the aquifer they belong to, according to
Zini et al. (2023). Class 2 layers that lie outside the depth
range of the aquifer were discarded. Moreover, the lithology
of the drillholes was simplified in the pre-modeling process-
ing phase to highlight regional layers and reduce the impact
of lenses and local horizons in the modeling. Particularly,
layers less than 3 m thick were merged with the prior or
subsequent layer of the borehole under consideration based
on the similarity of their hydrogeological characteristics. In
the modeling phase, confined aquifers in the LP were mod-
eled as multiple separate volumes enclosing layers belonging
to the same aquifer. The phreatic aquifer is described in the
literature as being very thick in the HP, and considerably
thinner in the LP. However, no quantitative estimates are
available. For this reason, it was assumed that the phreatic
aquifer spans the entire model depth upstream from the
resurgence line (HP). Downstream (LP) thickness was esti-
mated assuming the thickness of the permeable contiguous
layers laying from the topographic surface to a maximum
of 25 m below ground level. The interpolation is performed
using Leapfrog’s FastRBF™, which has proven particularly
suitable for large datasets and complex geological settings as
it can provide the smooth surface of interpolation in a short
processing time (Cowan et al. 2002).

Trend model of aquifers geometry (TR)

The TR model is a three-dimensional model based solely on
the geometric configuration of the training set (maximum
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well depth and screen depth). Stratigraphic information is
therefore not considered. This decision was based on the
assumption that both maximum well depth and screen
depth approximates aquifer depth. When displayed as a
point cloud, some regions exhibit notably high point densi-
ties. These areas with higher-density information represent
potential aquifers. Point clouds were manually interpreted
and clustered. The clusters were then converted to interpo-
lation surfaces to approximate the geometry of the base of
each aquifer. The interpreted points are not uniformly spread
over the study area, they are mainly located in the northern
part of the LP. To avoid distortion of the geometry of the
surfaces implied by the extrapolation over the entire study
area, the interpolation surfaces are limited to the area where
the information is available. The interpolation is carried out
separately for each point cluster. This model development
was possible due to the large quantity of data available in the
research region and shed light on the advantages of dealing
with such large datasets.

Cyclothems base geometries modeling (CB)

The CB model is a three-dimensional representation of the
geometries and the thickness of the cyclothems in the study
area. It is a simplified representation of the cyclostratigra-
phy related to the sea level fluctuations dominant frequency
since MPT. The interfaces between the cyclothems have
been correlated using literature data and newly interpreted
borehole stratigraphy. The interpretation and correlation
of borehole stratigraphies was guided by the occurrence
of bioclasts, such as shell fragments, leaves and other veg-
etal traces, especially in the eastern part of the study area.
Cyclothems were identified in the stratigraphic records of
seven boreholes: Azzano Decimo, Pramaggiore, Torre di
Mosto, R1, R2, R3, and R4 (Fig. 2a). Overall, cyclothem 1
was identified in 22 boreholes, while cyclothem 5, the least
represented, was found to be present in 12 boreholes (see
“Cyclothems” section).

To address the challenges described in “Trend model of
aquifers geometry (TR)” section, the interpolation was lim-
ited to the area with the highest data density. The outcomes
of this process were four surfaces representing the base of
each cyclothem. The base of the 5th cycle corresponds to
the bottom of the model.

Results
Model results
The GS model results are displayed in Fig. 4. The accuracy

evaluation of this model was performed across 30 reali-
zations to increase the reliability of the error estimation.
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Among these, an average accuracy of 85.6% was found,
with the highest accuracy of 88.7% achieved in the most
favorable scenario. The primary factors determining the
optimal model included the model accuracy and the geo-
logical knowledge of the study region. The model with the
second highest accuracy (88.1%) was selected and shown in
all figures, as the model with the highest accuracy predicted
an unrealistic thickness of class 1 in the coastal area and
offshore. This model was constrained by variogram proper-
ties summarized in Table 2, which resulted from the experi-
mental variogram analysis and geological knowledge of the
depositional environment. The directional variograms of the
three facies classes (class 1: silt/clay, class 2: sand, class 3:
gravel) highlighted the nonuniqueness of the main azimuth
directions (see the “Geostatistical model from lithostrati-
graphic data (GS)” section). When testing different azimuths
for the direction of maximum correlation in geostatistical
variogram analysis, the presence of more than one direction
with very high values can be attributed to several factors,
including anisotropy, complex geological structures, and
the overlapping influences of different geological processes
(Chiles and Delfiner 2012). Considering the geological set-
ting, the subsurface facies anisotropy caused by the interac-
tion of multiple geological processes is probably the most
likely explanation.

The LSI model results are displayed in Fig. 5. The accu-
racy evaluation of this model is estimated at 82%. High
uncertainties are expected to be present in the northern part
of the model as it is unclear where and if aquitards pinch out.

The TR model construction phases are displayed in
Fig. 6. The interpretation highlights six clusters from the
topography to the bottom of the model. The shallowest clus-
ter corresponds to the water table (Ph), while the five deeper
clusters correspond to confined aquifers (Al, A2, A3, A4,
AS5). AS lies at a depth greater than the base of the model.
The model highlights a southern azimuth direction for all
clusters and an increasing vertical distance and a surface dip
that decreases from the shallowest to the deepest cluster. A
multidirectional interpretation of the point cloud is displayed
in Fig. S2 of the ESM.

The CB model results are shown in Figs. 7, 8, and 9 as
cross-correlation panels and correlated with the GS and
LSI models in Figs. 4 and 5. There is a general trend in
cyclothems becoming shallower and thinner in the north-
ern and eastern directions. The thinning in the eastern
direction is due to different subsidence rates within the
region, up to 60-70 mm a~' north of Bologna (Carminati
and Martinelli 2002) and 5-2 mm a~! near Aquileia in the
eastern sector of the VFP (Da Lio and Tosi 2018). The
thinning in the northern direction is due to a topographic
change into the steeper, gravelly deposits of the High Plain
of the Alpine Piedmont. Figures 8 and 9 outline the clo-
sure of the uppermost cyclothem in the northern direction
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Fig.4 GS model, computed and displayed by using Petrel, correlation with CB model (cycle 1 to 5). Class 1: silt/clay; Class 2: sand; Class 3:

gravel. The solid black line is the coastline, and the blue dashed line is the resurgence line

because the sedimentary fill of the basin has constrained  the study area, above the last interglacial maximum flood-
the northward onshore extent of transgressions over time  ing surface (Fontana et al. 2010), did not record the last
(Amadori et al. 2020). As a result, the northern part of  cyclothem.
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Fig.5 LSI model, computed with Leapfrog GEO and displayed using Petrel, correlation with CB model (cycle 1 to 5). Class 1: low permeability
lithologies; Class 2: high permeability lithologies. The solid black line is the coastline, and the dashed blue line is the resurgence line
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Fig.6 Clustering and interpolation for the TR model. This figure
depicts the horizon-aligned view of the well screens point cloud
(top), the subsequent clustering (middle) and interpolation of clusters
to derive surfaces representing the geometric trend of each aquifer
(bottom). Ph, A1 A2, A3, A4, AS represents, respectively, the phre-
atic and five shallower confined aquifers. It is important to acknowl-
edge the challenge of visualizing clusters due to the differential slopes
they exhibit. For a more in-depth understanding of point cloud inter-
pretation, refer to Fig. S2 of the ESM

Preliminary estimates of offshore freshwater
volumes

Onshore, the compiled database reveals that freshwater-
saturated sediments extend hundreds of meters below the
ground level, including the coastal area (Fig. S3a of the
ESM). This study provides an initial effort to determine
their potential offshore extension and geometry. Cur-
rently, saline intrusion in the region has been identified
in the shallower phreatic aquifer (Pezzatta et al. 2011;
Zavagno et al. 2015). ARPA FVG monitors the salinity
of confined aquifers primarily through periodic sampling
and analysis of a network of confined groundwater wells.
Additionally, information on salinity was inferred from

the water quality monitoring of licensed water wells,
which are mainly utilized for drinking, agricultural, and
commercial purposes. Since no salinity issues have been
reported so far (Corradin 2025), this suggests that the
freshwater—saltwater interface of confined aquifers is
likely to be located offshore.

Despite limited information, the offshore well Assunta
1, located nearby the study area, is the only offshore well
that features information on pore water salinity, highlight-
ing freshwater (salinity lower than 1%) in the upper 340 m
and from 702 to 908 m bsl. Although groundwater mod-
eling will be the next critical step for a comprehensive
quantitative evaluation, two preliminary estimates of the
volume of offshore freshwater stored in permeable lay-
ers are provided, using both the GS and LSI models (Fig.
S3b,c of the ESM). The first scenario considers freshwa-
ter-saturated sediments up to 3 km from the shore, which
is the distance of the Assunta 1 well from the coastline
(Fig. S3b of the ESM), while the second scenario predicts
freshwater-saturated sediments in the entire offshore mod-
eled area (Fig. S3c of the ESM). These calculations assume
a constant effective porosity of 30% for sand facies and
40% for gravel facies (Wolff 1982) in the three-class GS
model and 30% as the permeable facies in the two-class
LSI model. The assumption of 30% effective porosity for
sand in the GS model is based on the presence of uncon-
solidated sediments with no cemented layers or sandstones.
Given that the study volume extends to a maximum depth
of 260 m, significant porosity reduction due to compaction
is unlikely. The derived volumes of the two scenarios are
4.4 and 23.2 km°, respectively, for the GS model, while 3.8
and 24.9 km® for the LSI model.

Discussion
Aquifer modeling

In the hydrogeological investigation of the VFP aquifer
system and potential OFG in the NAB, a key step is to
develop a groundwater model. This model will help assess
the sustainability of onshore water extraction and estimate
offshore-directed groundwater fluxes. It will be built upon
the geological framework of the VFP and NAB, which
was established in this study, where the multi-modeling
approach provides an understanding of the distribution of
aquifers in terms of the lithology, facies, and stratigraphy of
their host sediments (GS, LSI, cyclothem models), as well
as the depth of water capture (TR model). These models
were built upon several assumptions due to uneven data dis-
tribution. The differences and limitations of the four models
are discussed below.
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Fig.7 Along-coast cyclothems correlation panel. This correlation
panel counts eight onshore boreholes. Venezia 1 (borehole stratig-
raphy, paleobathymetric curve, interpretation for five cyclothems),
Eraclea 1 (three deepest cyclothems) are sourced from Amadori et al.
2020. Eraclea 1 (two shallower cycles), Cavanella 1, and Cesarolo 1

Facies model (GS and LSI models)

The GS and LSI models are both facies distribution mod-
els which, despite some differences, provide a comparable
result and achieve good accuracy. Both models show alter-
nating layers of permeable and non-permeable classes with
the following differences: geological validity, aquifer slope
and interconnectivity & aquifer geometry are supposed to be
different points of the same list. they should have the same
style, preferably the style of 'aquifer geometry' list point.

Geological validity

The LSI model, based on stratigraphic log interpolation,
results in a layer-cake appearance. However, this inter-
polation likely oversimplifies the geological complexity,
producing a model that is useful but not fully representa-
tive of the actual subsurface geology. In comparison, the
GS model yields a patchier spatial distribution of litho-
logical classes, which produces a less spatially continuous
result. A patchy model geometry is a common feature
of geostatistical methods such as SIS, which rely on tra-
ditional variogram statistics where only the correlation
between two points is considered (Webster and Oliver
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interpretation of cyclothems are sourced by M. Ghielmi (ENI E&P,
personal communication, 2023). R1, R2, R3, and R4 belong to the
onshore borehole dataset and have been newly interpreted for cyclo-
thems. The distance between boreholes is not scaled

2007). A more discontinuous facies distribution may bet-
ter reflect geological reality, particularly in settings where
fluvial, glacial, and marine processes interact.

Aquifer slope and interconnectivity

The GS model better captures geological and stratigraphic
trends, such as the vertical interconnectivity of permeable
areas and the stratigraphic dip.

Aquifer geometry

The GS model better reflects the uncertainty of the poten-
tial landward extent of the deeper aquifers, which is not
comprehensively addressed in the existing literature. This
model indicates that the artesian aquifers could extend
further northward despite a significant decrease in clay
content in the HP, and thus the discontinuity of aquitards.
On the other hand, the LSI model restricts the presence of
artesian aquifers in the LP as suggested by the literature
and thus in the proximity of the resurgence line.

In summary, the GS model is better suited to an analy-
sis where there is limited data control or where alternative



Hydrogeology Journal

Arzano Decimo Pramaggéore  Towrre di Mosto Eracioa 1 Assunta 1
= ]
-
I L B =
_|'l 17 i s _I." _.".
; __-\.""-. & ..‘:_.-\. o '-.." o .;:.- e A R
o e | — - T o plo .,  gpee 11 whna s b
| = - | A .
| . Cycdm 1 N Py = i
| si—
— :
= !
alli= Cycle2 [ il 0 [ : i
-~ s - Y L
| — iE\-'.'l"
i sl T i —
=. —_— T -
; IH — T 1l
1 H = Gyce 1 C
= £ - 5
R S o s
E'ﬂ e — o . L 0 L T
B == ——
} = —_—
it Ol S Gy d RH | i
=
Ef_‘i —
1 L — Cycls & e,
- o 8 I T "
I B P
| -i_ |38
| Il 7 | [ At pis
| | — _-'_ iy o] i s I
I = e— O Barp | Lee 3 [y L L s
. i [ Cafa Yo 1 e el
T B et st " -

Fig. 8 Onshore-Offshore correlation panel. This correlation panel
counts four onshore and one offshore borehole. Assunta 1 (five
cycles) and Eraclea 1 (three deepest cycles) are sourced from Ama-
dori et al. (2020). Eraclea 1 (two shallower cycles) is sourced by M.
Ghielmi (ENI E&P, personal communication, 2023). Borehole stra-
tigraphy, paleobathymetric curve, and depositional environment
analysis of the Azzano Decimo borehole are sourced from Zanferrari

hypotheses to the existing literature are to be tested, while
the LSI better represents the distribution of host sediments
of the aquifer based on pre-existing literature data. Despite
both models demonstrating high accuracy, the geostatistical
model is considered more geologically realistic and better
represents the Venetian-Friulian Plain and NAB.

Model of exploited aquifers (TR model)

The TR model was developed through manual spatial clus-
terization and successive interpolation of higher-density
point cloud areas displaying a roughly planar subhorizon-
tal geometry that resembled a stratification (Fig. 5, Fig. S4
of the ESM). Thus, the robustness of this methodology is
proportional to the magnitude of the input dataset. In this
study, the vast amount of data available makes the model
very robust for a regional representation. However, locally,
a lack of data due to either the intrinsic absence of an aquifer
itself or the lack of data for unknown reasons, was observed.

et al. (2008) and of Pramaggiore and Torre di Mosto boreholes are
sourced from Fontana et al. (2010; 2012). Azzano Decimo, Pramag-
giore, and Torre di Mosto correlation is modified after Fontana et al.
(2010) and newly interpreted for cyclothems. The distance between
boreholes and the location of the northern limit of Tyrrhenian flood-
ing is not scaled

As an example, in the deeper part of the model, the absence
of aquifers in large areas could also be explained by the
absence of boreholes, for example, rather than their absence.
This is a possible limitation of the model that should be
considered when producing a detailed local model.

Correlations between models

Overall, the CB model (cycles 1, 2, 3, 4, 5) correlates best
with the LSI model, which is due to the good fit between the
base of cyclothems and the interfaces between permeable
(below) and impermeable (above) layers.

Figure 10 displays the correlation between the LSI model,
the CB model and the TR model (Ph, A1, A2, A3, A4).
There is a good correlation between A2 and A3 surfaces
and cycles 1 and 2 of the CB model, matching the basal
surface of each cycle. The correlation of A1 with cyclothems
is unclear. Al lies between 20 and 35 m bsl and matches
the top of a high permeability layer of the LSI model that is
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Fig.9 Venezia 1, San Dona’, and Azzano Decimo well log correla-
tion panel. Venezia 1 provides stratigraphy, interpretation of five cycl-
othems, paleobathymetric curve, MIS correlation, isotope curve, and
the global sea level curve), San Dona di Piave 1 (two deepest cycles)
are sourced from Amadori et al. (2020). Three shallower cycles of

missing in the central part of the study area. Its depth is coin-
cident with a gravelly sand horizon of the Azzano Decimo
borehole deposited in a continental environment (Zanferrari
et al. 2008). Radiocarbon dating samples from the bottom of
this layer in the Azzano Decimo borehole, which yielded an
age of 23.4+0.3 ka, suggest deposition during the Last Gla-
cial Maximum. It is inferred that the aquifer associated with
this horizon is a depositional relict of the progradation of the
HP and resurgence line during the last glacial period. With
the exception of the northern part, A4 in Fig. 10a exhibits
a good correlation with the lower portion of cyclothem 4,
while the correlation in Fig. 10b is notably weaker. Addi-
tionally, A4 generally has a steeper slope compared to the
other TR model surfaces in the northern sector of the model.
This is consistent with the expected tilting of older deposits
in an actively subsiding basin. The separation between A3
and A4 is greater than in the other surfaces. In this depth
range, Zini et al. (2023) suggest the presence of a discontinu-
ous aquifer, which is locally divided into two minor aquifers
and is absent in the western part of the study area. Further-
more, as mentioned in the “Cyclothems” section, cyclothem
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San Dona di Piave 1 are sourced by M. Ghielmi (ENI E&P, personal
communication, 2023). Azzano Decimo is modified after Zanfer-
rari et al. (2008) and newly interpreted for cyclothems. The distance
between boreholes and the location of the northern limit of Tyrrhe-
nian flooding is not scaled

3 has been found to represent the sedimentological record of
two minor astronomical cycles rather than one 100,000 year
cycle. It is suggested that, within this depth range, eventually
the aquifer may either become too thin to be captured with
the current model resolution, or it may be locally absent in
the region. The correlation identified suggests a connection
between layers containing aquifers and cyclothems, with
the exception of the shallower aquifer (A1 of TR model).
Moreover, the sedimentary record of each cyclothem encom-
passes a layer with high permeability, serving as a reservoir
for freshwater. This outcome emphasizes the potential for
predicting the presence of the aquifer based on cyclothem
distribution. The models indicated that the aquifers, apart
from sedimentary lenses and localized horizons, are mainly
independent and probably have limited water exchange, as
already noted by Zini et al. (2023).

Aquifer genesis

The marine and coastal component of the depositional pro-
cesses that built the VFP decreases northward because of
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Fig.10 LSI, CB, and TR model correlation. Sections of the LSI
model correlated with the CB model (cycles 1 to 5) and the TR model
(PH and A1 to A4). Ph represents the phreatic aquifer. A5 is not rep-
resented since it lies at a depth greater than the bottom of the model.

the progressive FVP progradation toward the NAB (Ama-
dori et al. 2020). The maximum flooding surface (MFS)
of the last two interglacial periods is partially mapped in
the subsurface of the study area (Marcolla et al. 2021).
Near the Tagliamento River, the MIS 7 MFS is located
25 km from the present-day coastline, while the MIS 5
MFS is 20 km from the coastline (Fig. 2, 11). The MFS

The map displays the study area, the resurgence spring belt (blue
dashed line), LSI model sections (a and b), and MIS 5 and 7 trans-
gressions (modified after Marcolla et al. 2021)

in the eastern part of the study area are likely positioned
farther basinward.

The gathered evidence suggests that the confined layered
aquifers of the VFP have a genesis linked to the combined
effect of deposition in a continental environment (fluvial/
alluvial) and transition environment (coastal/shoreface).
Whereas north of the MFS, fluvial processes are solely
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Fig. 11 Conceptual representation of the expected stratigraphy driven
by Pliocene to Quaternary glacio-eustatic fluctuations in the NAB. (a)
(left) Represents the current coastline and resurgence line locations
and the associated deposits; and (right) the 3D bathymetric model
of the modern NAB totally submerged by present sea level. (b) (left)

responsible for aquifer-bearing formation deposition. It
is proposed that south of each past MFS, the depositional
environment, though mixed, is predominantly marine. More
specifically, it is suggested that in the coastal area of the VFP
aquifers originated as river-borne sediments, but they were
later reworked and sorted by the action of coastal waves,
winds, and currents. The relatively larger component of
marine/coastal sediments in the genesis of the VFP aquifers
is a step forward with respect to the current understanding
(Zini et al. 2023), where evidence supporting this hypothesis
is presented below:

(a) Lithological composition of aquifers. Aquifers host-
ing sediments are, in the LP, mainly moderately to well-
sorted sand and rarely gravelly sediments. Well-sorted
sand deposits in the region are typical of coastal and
beach systems (Fig. Sla of the ESM) and are probably
the result of sediment sorting by wind, waves and currents
(e.g., Brambati et al. 1983);

(b) Regional extent of the permeable deposits hosting the
aquifers. Despite showing some discontinuities, aquifers
span the entire study area. However, this lateral exten-
sion does not apply to the four modern alluvial megafans
(Tagliamento, Corno, Cormor and Isonzo rivers) that
coexist in the study area, thus excluding a fluvial genesis
(Fontana et al. 2008);
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depicts the location of the southern coastline during the LGM; and
(right) the aerial exposure of the NAB during the same period (Vai
et al. 2004). The vertical and horizontal scales are magnified by a fac-
tor of 7500 and 1.5 million, respectively

(c) Sand lithological facies hosting the aquifers exhibit
a coast-parallel anisotropy, which is highlighted by the
class 2 variogram analysis of the GS model (see the
“Model of exploited aquifers (TR model)” section);

(d) A narrow relict coastal sandy deposit spanning the
entire SW-NE extent of the study area for approximately
440 km?, has been recognized in the offshore area (see
“The Northern Adriatic Basin (NAB)” section) (Fig. Sla
of the ESM) (e.g., Brambati et al. 1983);

(e) 252 stratigraphic records from boreholes in the study
area or nearby show evidence of Middle to Late Pleisto-
cene seashells in sandy and silty/clay layers, including
bivalves and ostracods, suggesting the widespread pres-
ence of marine/coastal deposits (Fig. S5 of the ESM);
(f) Middle to Late Pleistocene marine sedimentary facies
have been identified up to 35 km north of the coast in
the Azzano Decimo suggesting that sea level fluctuations
influenced a large part of the study area (Zanferrari et al.
2008);

(g) The consistent vertical spacing of the modeled aqui-
fers suggests repetitive depositional processes occurring
at regular intervals. This pattern reflects a cyclic repeti-
tion of sedimentation within a relatively stable basin set-
ting, where sediment input originated from consistent
sources, and sea-level fluctuations remained comparable
over time.
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Further investigation is needed to determine the extent to
which fluvial and coastal aquifer systems are interconnected
and whether they interact hydraulically.

The potential of the NAB for hosting offshore
groundwater aquifers

Literature discussing the investigation of cyclothems geom-
etries in the NAB is still scarce and mainly focused on the
northern and western margins, as described in the “Cyclo-
thems” section, mainly due to the lack of available data in
this area. In this paper, the onshore—offshore cyclothems cor-
relation has been extended northward and eastward allowing
to link sandy groundwater bearing formation onshore to the
Pliocene to Quaternary sea level cyclicity. It was found that
onshore aquifers are laterally interconnected for kilometers
both northward and along the coast. Despite that a broader
areal analysis is outside the scope of this study, after these
findings, some hypotheses might be formulated, assum-
ing a comparable stratigraphic framework in the siliciclas-
tic region of the NAB, which has experienced consistent
geological processes and depositional history. Cyclothems
sequence is thicker and mostly continuous offshore with
no evidence of major erosion or non-deposition (Amadori
et al. 2020; Zecchin et al. 2022), although it shows minor
erosional surfaces such as ravinement surfaces or subaerial
erosion (e.g., Zanferrari et al. 2008; Massari et al. 2004). For
this reason, each cyclothem is expected to exhibit a seaward-
directed, wedge-shaped sedimentary sequence, counting two
main coastal sandy deposits, associated with regression and
transgression, respectively, and alternating with silty/clay
marine and alluvial sediments. Within this broader depo-
sitional framework, fluvial gravel deposits, such as fan and
channel systems, are superimposed, contributing to local dis-
continuities and forming localized deposits and horizons. A
conceptual 2D representation of the expected stratigraphy
of the NAB is displayed in Fig. 11. This geological frame-
work closely resembles the onshore reconstruction model
proposed by Amorosi et al. (2016) and is supported by the
facies analysis of the Venezia 1 well (Massari et al. 2004;
Amadori et al. 2020), where the stratigraphic log highlights
two coastal deposits, one thinner and sea level transgression
related and the other thicker and related to regression.

Therefore, this study suggests that, given the sea level
cyclicity of the Middle Pleistocene to Holocene interval
throughout the Adriatic Basin, it is highly possible that
coastal deposits are likely present in most of the northern
and central Adriatic Basin. For this reason we also suggest
that it is reasonable to expect also onshore aquifers to extend
basinward in the Adriatic Shelf.

Further investigation is warranted to assess thickness,
preservation, and lateral connectivity of these depos-
its. Additionally, determining whether these deposits are

saturated with fresh, freshened, or saltwater remains an
open question. The next step is to develop a groundwater
numerical model within the modeled geological framework
to investigate involved Water budgets and salinity dynam-
ics. Meanwhile, the preliminary estimates suggest that
OFG volume in the study area ranges from 3.8 km? in the
most conservative scenario to nearly 25 km? in the most
favorable case. It is also suggested that freshwater emplace-
ment mechanisms in this area are likely to be related to
onshore—offshore active recharge, or to recharge during sea
level lowstands.

Conclusions

The geometry, extent, and volume of the confined aquifers in
the lower Venetian-Friulian plain and the northern Adriatic
Sea were reconstructed using three-dimensional geologi-
cal modeling. The results show that the aquifers are present
as discontinuous sand bodies that are distributed within a
complex matrix of silts and clays with lower-permeability
and that there is a high likelihood of onshore—offshore con-
nectivity of the VFP aquifer system. The presence of sand
bodies can be attributed to buried coastal deposits formed
by marine reworking and sorting of fluvial sediments during
sea level fluctuations since the Middle Pleistocene Transition
(MPT). This conclusion is supported by several key observa-
tions, including lithological characteristics, fossil records,
onshore marine facies, and the lateral continuity and cyclical
patterns indicative of coastal/shallow marine environments.
The identification of cyclical deposits extending offshore
to the meso-Adriatic deep, coupled with the abundance of
well-preserved sand deposits in the region, strongly indicates
the potential for the NAB to host offshore freshened ground-
water aquifers. This suggests significant promise for further
exploration and assessment of these potential resources in
the northern Adriatic Basin.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10040-025-02952-w.
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