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Abstract: The increasing demand for freshwater requires the identification of additional and less-
conventional water resources. Amongst these, offshore freshwater systems have been investigated in
different parts of the world to provide new opportunities to face increasing water requests. Here we
focus on the north-eastern Adriatic Sea, where offshore aquifers could be present as a continuation of
onshore ones. Geophysical data, in particular offshore seismic data, and onshore and offshore well
data, are interpreted and integrated to characterise the hydrogeological setting via the interpretation
of seismo-stratigraphic sequences. We focus our attention on two areas located in the proximity of the
Tagliamento and Isonzo deltas. Well and seismic data indicate that the Quaternary sediments, that
extend from onshore to offshore areas, are the most promising from an offshore freshwater resources
point of view, while the several kilometres thick pre-Quaternary carbonate and terrigenous sequences
likely host mainly salty waters.
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1. Introduction

Recently, the interest in offshore-freshened groundwater has been growing very fast
because of the rising demand for potable water, related to population and economic growth,
especially in the emerging countries, and the strong effects of climate change on this
resource. In fact, in several regions, groundwater resources are under strong stress because
of their depletion or contamination, e.g., [1]. The presence of these important reserves
of fresh or brackish waters (with total dissolved solids < 10 g/L; [2]) have been already
documented in many continental margins around the world, e.g., [3-7]. Many authors
have proposed an estimate of the global volume of this resource on the order of 105 to
106 km?3 [2,8,9], even if these estimates are affected by high uncertainties because of the
paucity of information about this resource. The offshore-freshened waters are mainly hosted
in siliciclastic and carbonate sediments, with variable ages, mainly deposited during the
Cenozoic, e.g., [2]. These resources can be located at a distance greater than 100 km from the
shoreline and at 4.5 km depth from the seafloor [2]. Five mechanisms have been proposed
to explain the genesis of the offshore-freshened groundwater, e.g., [10]. A mechanism could
be related to the present active connection between onshore and offshore aquifers due
to the presence of continuous confined aquifers or/and geological heterogeneity due to
topographic gradients, e.g., [11-14]. The second one is related to the maximum glacial
period, during which the sea level reached the lowest values, allowing for the exposure of
the shelf, which was recharged with fresh and /or brackish water, also far from the present
shoreline [2,9,15,16]. Other processes could be related to subglacial and proglacial injection,
e.g., [16-23], to post-sedimentary alteration processes, e.g., [24,25] and to gas hydrates
dissociation, e.g., [26].
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In this context, the north-eastern Adriatic Sea is an interesting study area, where
offshore aquifers may potentially be present and possibly connected with a multi-layered
aquifer system located onshore [27,28]. This region hosts several kilometres thick Meso-
Cenozoic carbonate sequences and a Cenozoic clastic succession that host semi-confined
or confined aquifers. In addition, in the area, marine seismic lines have been acquired
with different resolutions (Figure 1). These are an important tool to characterise offshore
aquifers, as already demonstrated by several authors, e.g., [29]. In fact, seismic reflection
data can contribute to identifying lithological changes related to environmental changes
and sea level variations in the past and at a regional scale [29].
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Figure 1. Location map of the study area over the Friulian Plain and the north-eastern Adriatic
Sea. The analysed marine high penetration multichannel seismic reflection profiles acquired by the
National Institute of Oceanography and Applied Geophysics (OGS) are represented in bold green
lines, while the orange bold lines represent the OGS high-resolution seismic boomer profiles. The
pink bold line shows the position of the deep crustal investigation multichannel seismic profile
CROP95-M18. The positions of the Grado 1 geothermal well and of the Amanda 1bis exploration
well are represented by the grey hexagons. The water wells used to construct the Lignano and
Grado lithostratigraphical profiles of the aquifers are shown by yellow and red squares, respectively.
Bathymetry in depth with cells of 50 m and contours every 5 m, gridding performed by [30] by using
grids from Italy and Slovenia [31] and Croatia [32]. Digital Elevation Model compiled for Italy (5 and
10 m cells by [33,34], respectively), Slovenia (10 m cells; [35]) and Istria (25 m cells; [36]). The inset
map shows the chains of the Alps, Apennines, Dinarides and relative foreland domain, together with
the main tectonic structures [37-43]. Map compiled by using ArcGis® (ESRI, 2017) software; datum
WGS84, projection UTM33.

The aim of this paper is to investigate the connection between onshore and offshore
aquifers in the north-eastern Adriatic Sea, and specifically identify features related to the
presence of the freshwater aquifers, and/or of layers hosting confined offshore paleo-
aquifers, through the integration of well data and a high-penetration and high-resolution
seismic dataset. We focused our attention on two areas, located in the offshore Tagliamento
and Isonzo rivers, respectively (north-eastern Italy; Figure 1). As suggested by Reference [1],
the deltaic areas are very interesting from a hydrogeological point of view, because rivers
generate important thickness of sediments, especially in proximity to high mountains areas.
In addition, as mentioned above, in the past, this region was characterised by changes in
the sea level related to the glaciations, which probably influenced the connection between
the onshore and offshore aquifers.
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2. Geological and Hydrological Setting

The present northern Adriatic Sea-Northern Venetian-Friulian Plain area belonged to
the same geological domain from the Late Paleozoic until the Early Jurassic rifting. At that
time the area was differentiated in the structural paleogeographical units of the deep sea Bel-
luno Basin on the west from those on the east, where during the Jurassic and Cretaceous the
Friuli-Dinaric Carbonate Platform (FDCP) developed [44,45]. Approximately 1 kilometre
thick of aggradational and progradational systems of FDCP were deposited [46,47] above
3—4 km of the Upper Triassic to Jurassic carbonate sequences. The sedimentation was not
continuous and several episodes of subaerial exposure occurred mainly related to tectonic
events: (i) in the Upper Jurassic with the development of huge karstic phenomena and red
soil deposition; (ii) in the Lower Cretaceous with the development of an extensive erosional
surface; (iii) in the Upper Cretaceous with erosional processes and the development of red
soils at the top ([48] and references therein).

During the Paleocene, the ongoing westward propagation of the External Dinarides
caused the drowning of the Cretaceous-Paleocene FDCP and the deposition within the
foredeep of turbidites constituted by silty marls and sandstones (Trieste Flysch). Deep-sea
carbonate marl and breccias of the Scaglia or Scaglia Alpina (Aptian-early Eocene) were
deposited in the Belluno Basin and, subsequently, from the Middle Eocene to the Miocene,
the basin was filled by the Gallare Marls.

In the Late Oligocene-Early /Middle Miocene with the development of the Southern
Alps, the filling of the foreland started with the deposition of the terrigenous carbonate
platform sequences of the Cavanella Group (Chattian-Langhian), and when the alpine
chain propagated fast south-eastward, the foredeep was filled by up the clastic wedge of
the Middle-Late Miocene Molassa ([49] and references therein).

At the end of the Miocene, a complex interplay between the sea level drop estimated
in 800-900 m due to the Messinian Salinity Crisis of the Mediterranean Sea [50], and
compressional tectonics produced the subaerial exposure of the area, with the development
of a drainage system that produced several kilometres-long and several hundred meter
deep canyons [46,47,51,52].

The Messinian erosion was followed by marine transgression with deposition of
Pliocene-Middle Pleistocene marine sediments that include cycles from deep-marine clays
and silts passing into shallower and sandier deposits of the Eraclea Sands, Santerno Clays
and Asti Sands. The sedimentation of these sequences was interrupted by the late Zan-
clean tectonic uplift, which produced the Mid-Pliocene unconformity, and the drowning
episodes during the Piacenzian and late Gelasian, the latest of which was responsible for
the development of the Late Gelasian Surface [53-55].

The Middle-Late Pleistocene records the glacial/interglacial eustatic driven regression
and transgression with alternation of continental and marine deposits, respectively. Eight
cycles of marine ingressions and regressions occurred in the Middle-Late Pleistocene, with
the first ice cap developed in the Alps about 800,000 years ago [56]. The periods of glacial
maximum, with the development of the icecap over the Alps, favoured the maximum
erosion rates within the mountain chain [57]. Sedimentation in the plain areas occurred due
to river flooding with the construction of fans and megafans with the material coming from
glacial erosion in the mountain chain areas. The main phases of the plain aggradation are
those relating to the deglacial phases when the river flooding was greater [28]. The alluvial
deposits relating to the glacial/cataglacial periods are mainly characterised by gravels and
pebbles with a sandy matrix, with the oldest deposits that can be cemented. During the
interglacial periods, in the northern Adriatic and the southern Venetian-Friulian Plain, the
marine transgression caused the deposition of pelitic sands/sands related to coastal and
deltaic environments, pelitic and fine sands related and lagoon environments with tidal
influence, and silts and clays related to platform environments [49].

From a hydrogeological point of view, the main onshore aquifer system located in the
Friulian Plan is hosted in the Plio-Quaternary sediments. It is relatively well characterised
because of the availability of direct and indirect measurements, such as well information
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and seismic data, e.g., [28,58-61]. A spring belt divides this plain into two parts: the upper
and the lower Friulian Plain. The sediments of the upper Friulian Plain host a phreatic
aquifer with a high capacity of storage water [58], while an aquifer system is present in the
lower part. The spring belt is the result of extensive and abundant groundwater spills [28]
because this feature separates two areas characterised by different permeability decreasing
from north to south. In the lower plain, the aquifer system includes eleven artesian layers,
named from “A” to “M”, some of which are divided into two sub-layers (Figure 2; [28]),
that show strong variability in depth and lateral continuity. The thicknesses of the aquifers,
generally increase toward the SW but are also variable due to the tectonic and geological
setting of the pre-Plio-Quaternary substrate. The fluid circulation is mainly due to primary
porosity in these sediments, while in the pre-Plio-Quaternary terrigenous and carbonate
sequences, the fluid circulation is related to secondary porosity due to fracturing and karstic
conduits [62]. The upper eight aquifers are hosted in Plio-Quaternary sediments, while
the deeper ones are presumably hosted in the underlying Miocene molasse and Paleogene
flysch. These latter are characterised by thermal water with a high concentration of solutes
and temperatures greater than 35 °C [28].
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Figure 2. Correlation among the aquifers along the two selected profiles with directions N-S (Lignano
profile) (A) and NE-SW (Grado profile) (B), respectively. The position of the two profiles N-S and
NE-SW is reported in Figure 1 with yellow and red lines, respectively. The profiles were developed
on the basis of available well information [28]. The grey layers represent the aquitard, while the other
ones are the identified aquifers. The nomenclature of the aquifers is from [28].

The Amanda-1bis exploration wells drilled in the northern Adriatic Sea, down to
7280 m, revealed the several kilometres thick Triassic to Cretaceous carbonate sequence
and the overlying 1 km Eocene to Pliocene terrigenous sediment contain salty and brackish
waters [63] (Figure 1).

A low enthalpy aquifer (temperature ranging from 20 to 90 °C) is hosted in the Meso-
Cenozoic carbonates and is considered an important geothermal reservoir. The Grado 1 well,
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drilled in 2008, as a pilot borehole for the exploitation of this geothermal reservoir, revealed
the occurrences of two main levels of low enthalpy aquifers in highly fractured Paleogene
and Cretaceous carbonate layers with a temperature of about 44 °C (Figure 1; [61,64]). The
geothermal reserve is constituted by fossil waters at high conductivity concentrated in
the rock portion characterised by higher permeability, and with a porosity estimated to
be about 8-10% [62]. These waters flow also in the vertical direction along fractures and
karstic conduits. Natural resurgences of the low enthalpy salty water occur at the Roman
Bath of Monfalcone at 32.6-39.8 °C, interpreted to be ancient diagenetically modified
seawater [65], and along the Istrian coast in eight marine springs at 22-30 °C [66]. The
geochemical characterization of one of them provides 5 %o of salinity consistent with mixing
and advection of karstic groundwater from S-W Slovenia and seawater [67].

3. Materials and Methods

A geodatabase of geothermal and thermal-mineral resources of the Friuli Venezia
Giulia region was developed in the frame of EERA GEOTERMIA-Project, among a collabo-
ration between the University of Trieste and OGS [68]. The database contains: (a) literature
information; (b) results of several projects having different purposes, including hydrocar-
bon exploration, groundwater and geothermal resources characterisation; (c) available
data, such as geophysical data, in particular seismic lines; (d) information about more than
600 onshore boreholes. For each well, lithological, hydrogeological and /or geochemical
information are available.

Some wells drilled for oil&gas exploration are publicly available through ViDEPI [63].
For the present study, we considered the exploration well Amanda 1bis, drilled in the
northern Adriatic Sea in 1979 by ENI-AGIP, INA Naftapline, SIR and ELF oil companies
and reaches a depth up to 7305 m below sea level [63], and the Grado 1 well drilled in 2008
for the investigation, and eventually exploitation, of the geothermal reservoir [63,64]. These
exploration wells provide information about the aquifers hosted in the several kilometres
thick sedimentary sequence, but unfortunately, they have no information from the surface
to about 300/500 m depth. Instead, the characterization of the aquifers hosted in the upper
several hundred metres depth comes from wells drilled for water supply purposes.

To assist in the identification of features linked to the presence of aquifers imaged
in marine seismic sections, we considered isobath and isopach maps for each identified
aquifer located in the Friulian Plain and developed by [28] by using a geostatistical approach
considering the onshore 603 boreholes, selected from more than 3000 boreholes [28]. In
addition, we developed two profiles, which represent the correlation among the confined
aquifers, on the basis of available boreholes (Figure 2). As shown in Figure 1, one profile is
parallel to the Tagliamento river with an approximate N-S direction, while the second one
has a SW-NE direction, ending in the proximity of Grado, westward of the Isonzo mouth.
In our study, we used marine seismic lines with different resolutions. To image the overall
sedimentary sequences up to several kilometres depth, we used regional multichannel
seismic data acquired in the north-eastern Adriatic Sea calibrated by an offshore exploration
well. We considered the marine CROP95-M18 ultra-high penetration multichannel seismic
profile (Figure 3) acquired by OGS with the R/V OGS Explora in 1995 and belonging
to the “CROsta Profonda” (Deep Crust) Italian project (a joint venture between CNR
“National Research Council”, ENI-AGIP “Italian Oil Company” and ENEL “Italian National
Electricity Authority”), aiming at deep crustal investigation [69,70]. This low-resolution
seismic line, recently reprocessed in time and depth domain [71], is NE-SW oriented across
the northern Adriatic Sea and it is calibrated by the Amanda 1bis exploration well, located
at about two kilometres south-westward from the line (Figure 1). The high penetration
seismic data were acquired by OGS with the R/V OGS Explora in 2005 by using airgun
arrays, as a seismic source, and a 600 m seismic streamer with 48 channels for profile
GT05-07 (Figure 4), while the line GT05-09 was acquired through the lagoon by using a
120 m seismic streamer with 12 channels (Figure 5; [46]).
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Figure 3. Pre-stack depth migrated [71] seismic profile CROP95-M18. The Amanda 1bis exploration
well [63], drilled up to 7280 m, is located about 2 km south-westward. Its stratigraphy calibrates the
seismic: the thick carbonate sequence is composed of Meso-Cenozoic carbonates, whose top deepens
SW-ward up to 3 km depth in the Belluno Basin. Here, they are covered by the Eocene-Miocene
Gallare Marls. In correspondence of the peripheral bulge, in front of the Grado Island, the carbonates
of the Friuli-Dinaric Carbonate Platform raise up to 600 m and deepen NE-ward in the Dinaric
foredeep domain filled by the Eocene Flysch. The top of the Eocene-Miocene terrigenous units is
depicted by Messinian Unconformity due to sea level drop. This unconformity is in turn buried
under Pliocene progradation eroded at the top by Mid-Pliocene Unconformity, in the Belluno Basin;
whereas in the eastern part of the area erosion lasted until Mid-Pleistocene. The Plio-Quaternary
marine and continental deposits drape the shallowest part of the sedimentary sequence. The well
lithostratigraphic units are: Asti Sands (AtS, Quaternary), Santerno Clays (SaC, Lower Pliocene),
Eraclea Sands (ErS, Lower Pliocene), Gallare Marls (GaM, Eocene), Scaglia Alpina (Sca, Paleocene),
Soccher Limestone (SoL, Upper Cretaceous), Marne a Fucoidi Formation (FuM, Lower Cretaceous),
Maiolica (Mai, Lower Cretaceous), Rosso Ammonitico superiore (RA, Upper Jurassic), Fonzaso
Formation (Fon, Upper Jurassic), Vajont Limestone (VaL, Middle Jurassic), Igne Formation (Ign,
Lower Jurassic), Soverzene Formation (Sov, Lower Jurassic), Dachstein Limestone (DaL, Upper
Triassic), Dolomia Principale (DPr, Upper Triassic), Monticello Formation (Mon, Upper Triassic),
Trevenanzes Formation (Tvn, Upper Triassic), Dolomia Cassiana (DCa, Upper Triassic), Wengen
Formation (Wen, Middle Triassic), Vulcanite (Vul, Middle Triassic), Latemar Limestone (LalL, Middle
Triassic), Amanda Formation (Amd, Permian), Tarvisio Breccia (TaB, Permian), Trogkofel Limestone
(TrL, Permian).

To characterise the uppermost sedimentary sequences, we used two high-resolution
seismic datasets acquired by OGS in 2000, in the offshore of the Tagliamento mouth, and
2006 in the offshore of Grado, close to the Isonzo mouth, using as source an electro-dynamic
plate UWAK 05 Nautik connected with PULSAR 2002 CEA and a mono-channel streamer
(an eight-element hydrophone array) (Figure 6; [31]).
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Figure 4. High penetration multichannel time migrated seismic profile GT05-07, offshore the Taglia-
mento river delta. The seismic profile shows the sedimentary sequence composed of Meso-Cenozoic
carbonates of the Belluno Basin, buried under the Eocene-Miocene Gallare Marls. These at the top
are depicted by the Messinian Unconformity, covered by Pliocene progradations, which are in turn
cut by the Mid-Pliocene Unconformity. Early Pleistocene marine progradation sediments seal the
entire sequence, which in turn are covered by the alternation of continental and marine Middle-Late
Pleistocene sediment. Along the vertical scale of the profile, the approximate correspondent thick-
ness of 0.2 s twt (two way time) in meters is reported, calculated by using mean P-wave velocity
values (obtained by tomographic analysis; [72-75]), of 1750 m/s, 2800 m/s and 4300 m/s for the
Plio-Quaternary sediments, Eocene-Miocene deposits and Meso-Cenozoic carbonates, respectively.
The seismic image shows presence of fluids within the sedimentary sequence.
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Figure 5. High penetration multichannel seismic profile GT05-09, offshore the Grado Island. The
seismic shows the sedimentary sequence composed by the Meso-Cenozoic Friuli-Dinaric Carbon-
ate Platform, buried under the Eocene flysch and Miocene Molassa, depicted by the Messinian-
Pliocene Unconformity. Pleistocene sediments seal the entire sequence. The stratigraphy of the Grado
1 geothermal well [64,76], 0.5 km SE of the profile, is represented on the seismic profile. Depths are con-
verted into twt by using mean P-wave velocity values obtained from tomographic analysis; [72-75]:
1750 m/s for the Pleistocene sediments (light yellow block), 2800 m /s for the terrigenous deposits of
Molassa and Flysch (golden yellow and orange blocks, respectively), 4300 m/s for Lower Eocene-
Paleocene and Cretaceous carbonates (orange and green blocks) containing two deep aquifers with
salty waters. The seismic image shows the presence of fluids within the sedimentary sequence.



Geosciences 2022, 12,139

8 of 14

a) nw APb-F2 SE
km o 1 2 3 4 5 ST
0.0 : ' : : . : : : - : =00

20.06 § e
i

~~ Late Pleistocene peat; fs = fluid seeps; m = multiples

Figure 6. Marine high-resolution boomer profiles APb-F2 (a) and VCT08-12 (b) offshore the Taglia-
mento river delta and Grado Island, respectively. The seismic sections show the sedimentary sequence
composed of Middle-Late Pleistocene and Holocene marine and continental sediments whose depo-
sition was influenced by the cyclic variations of the sea level in relation to glacial and interglacial
phases. The Middle-Late Pleistocene marine sediment related to the Thyrrenian marine transgres-
sion (125 ka), are covered in turn by Late Pleistocene continental sediments, characterized by the
channel levee system that deposited during the last glacial period in the fluvial plane environment,
that may host the shallower aquifer A and possibly aquifer B. The sediments are draped by the
prograding Holocene delta front and pro-delta of the Tagliamento and Isonzo rivers, related to the
last marine transgression phase. Along the vertical scale of the profiles is reported the approximated
correspondent thickness of 0.01 s twt in meters, calculated by using mean P-wave velocity value
(obtained through tomographic analysis; [72-75]) of 1750 m/s for the Quaternary sediments. The
seismic images show the presence of fluids within the sedimentary sequence. Multiple reflections,
related to the seabed and sub-bottom horizons with strong reflection coefficient, mask primary signal
in the deeper part of the seismic sections.

4. Results

The interpretation of the seismic lines was focused on identifying the main sedimen-
tary sequences hosting the aquifers, with particular regard to features that may support
the possible continuation of aquifers offshore and/or the presence of trapped water in
offshore sediments.

Two hydrogeological profiles were developed in the southern Friulian Plain close to
the coast, by using water well information, with N-S and NE-SW directions, respectively.
The two profiles show that the aquifers are not continuous and have a variable thickness
and depth across the Friulian Plain (Figure 2). This strong lateral variability confirms that
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aquifers are preferentially hosted in sediments showing changes in lithological characteris-
tics. In addition, the well information confirms the presence of the aquifers in proximity to
the coast, supporting the hypothesis of the continuation of the aquifers system offshore.

The interpretation of the seismic profiles calibrated by the well information, allows
to identify the following main seismo-stratigraphic units and their inferred hydrogeologi-
cal characteristics:

(@) The several kilometres thick Upper Triassic-Paleogene carbonate sequences host
water characterised by variable salinity, from brackish to salty. The multichannel
seismic profile CROP95-M18, calibrated with the Amanda 1bis well, indicates that:
(a) the Middle Triassic carbonates, occurring below 4.5-7.5 km depth, host brackish
waters; (b) the above 1.3-1.4 km thick Upper Triassic to Lower Jurassic carbonate
sequences from 1.5-4.5 km depth in the east to 4-6 km depth in the west, contain
mainly salty water; (c) the about 1 km thick Middle Jurassic to Lower Cretaceous
carbonate contains mainly brackish aquifer. The multichannel seismic profile GT05-07
(Figure 4), offshore Tagliamento river, is located along the slope of the FDCP, where the
carbonate sequence is constituted by basinal carbonates and slope (Jurassic-Cretaceous
limestones and Upper Cretaceous-Paleocene Scaglia). According to the Amanda 1bis
well, the Jurassic-Cretaceous sequences are characterised by a continuous alternation
of different salinity waters, while the Upper Cretaceous-Paleocene Scaglia do not
appear to host aquifers. The multichannel seismic GT05-09 (Figure 5), offshore Isonzo
river, is located on the shelf of the Cretaceous-Paleogene FDCP. These carbonate units
host salty and brackish waters, as confirmed by the Grado 1 well, that identified two
main fracture zones, from 736 to 740 m and from 1040 to the well bottom at 1108 m,
containing low enthalpy (from 30 to 41 °C) salty water, in the Eocene and Cretaceous
limestones, respectively [64,76].

(b) The Eocene to Miocene terrigenous units lie above the carbonates: in the basinal area,
on the western GT05-07 profile, they are constituted by the Gallare Marls, that in the
Amanda 1bis well host brackish waters, while above the FDCP, on the eastern profile
GTO05-09, these are constituted by the turbiditic terrigenous sequence of the Eocene
Trieste Flysch and Miocene Molassa that, in the Grado 1 well, seem to be characterised
by low permeability. The top of these units is shaped by the Messinian Unconformity,
showing a complex morphology with channels or valleys incised by drainage system
(Figures 4 and 5);

(¢) The Pliocene progradation sediments, deposited in marine environments on the top of the
Messinian Unconformity, according to the Amanda 1bis well, host mainly brackish water;

(d) The early Pleistocene sediments, characterised by marine sediment, deposited from deep
to shallow water environments, according to the Amanda 1bis well host salty waters;

(e) The Middle-Late Pleistocene deposits are characterised by the alternation of conti-
nental and shallow water sediments related to the cyclicity of glacial and interglacial
phases. The base of these units is from 250 to 280 ms twt and from 250-300 ms
twt along the lines located near the offshore Tagliamento river and Isonzo river, re-
spectively. In the analysed areas, sediments are mainly composed of silty—clayey
fine deposits [28]. The correlation of these sequences with the two hydrogeological
transects located near the coast suggests that they host mainly freshwater aquifers
identified onshore (Figure 2). The high-resolution single-channel seismic profile APb-
F2, offshore the Tagliamento river, and VCT08-12, offshore the Isonzo river (Figure 6)
images the last glacial/interglacial cycle.

The lower part of the profiles is constituted by Middle-Late Pleistocene marine sedi-
ment deposited during the Thyrrenian transgression (125 ky), probably followed by par-
alic/transitional sediment. Above them, a high reflective horizon, probably a peat layer, is
the base of the Late Pleistocene continental sediments characterised by complex geometries
related to the channel levee system, deposited in a fluvial plain environment during the
last glacial period, that may host the shallower aquifer A and possibly aquifer B. The Late
Pleistocene continental sediments are draped by the prograding Holocene delta front and
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pro-delta of the Tagliamento and Isonzo rivers, related to the last marine transgression
phase. The high-resolution data show the presence of features that are correlated to fluid
seeps coming from the sediment below the high reflective horizon of the probable peat
layers. The fluids could be either gas and/or water, and their seeps in the north-eastern
Adriatic Sea have been previously recognised, e.g., [77-81].

5. Discussion and Conclusions

The analysed seismic lines image the seismo-stratigraphic sequences that enable us
to identify the potential extent of offshore aquifers and their association, with specific
sedimentary sequences hosting freshened waters.

The pre-Quaternary lithologies, composed of Middle Triassic to Paleocene carbonate
sequences and by Eocene to Pliocene terrigenous sediment, were deposited in marine
environments and, on the basis of available data, seem to host waters with variable salinity
that are probably ancient marine waters.

On the basis of Amanda 1bis well, the Middle Triassic limestone, probably sealed by
the Middle-Upper Triassic terrigenous sediment, could host saline aquifers, while the Upper
Triassic to Cretaceous carbonates, overlying the Carnian Unconformity, host an aquifer that
is characterised by variability in water salinity content. This variability could be related
to the presence of fractures and karstic conduits, strongly influencing fluid circulation.
These carbonate sequences experienced subaerial exposures with karstic processes ([48]
and references therein), that together with the occurrence of fracture systems, probably
related to tectonic phases [47], provide controls for water circulation. This last aquifer is
probably sealed by the Cretaceous limestones that pinch out eastward.

In the Eocene and Cretaceous limestones of the FDCP, the presence of the important
geothermal aquifer characterised by saline water and intermediate temperatures (from
30 °C to 41 °C, e.g., [64]), could be related to the aquifer system hosted in the several
kilometres thick carbonate sequences. The geochemical analysis at the Roman Baths, where
the saline water naturally springs, suggests the occurrence of an ancient diagenetically
modified paleo-aquifer [65].

The Eocene to Miocene terrigenous units, deposit in marine environments, contain
brackish aquifers. Pliocene sediments, underlain by Miocene sediments, fill the paleo-
valleys and could host confined freshwater, as already recognised in other areas, e.g., [3].
Onshore, Pliocene and Miocene sediments host the deeper waters of the aquifer system [28],
so a continuation in the offshore sediments is a viable hypothesis that is also supported by
the sea level decrease that could have triggered an increase in the hydraulic head and steep
onshore gradients [82].

The Middle-Late Pleistocene sediments seem to be the only units hosting freshened
waters. Firstly, onshore well data confirm the presence of freshwater aquifer systems
in proximity to the coastline, supporting the hypothesis of their continuation offshore
(Figure 2). Secondly, during the glacial periods, a decrease in sea level (about —120 m with
respect to today during the Last Glacial Maximum), provided the total emergence of the
northern Adriatic Sea, e.g., [83,84], that represented a fluvial plain, allowing the storage
of freshwater. Moreover, a lower sea level position could determine higher groundwater
gradients towards offshore areas. On the contrary, during the interglacial ones, the sea level
was some meters higher than the present one (about +8 m during the last transgression in
the Middle/Late Pleistocene; [85]), with mainly starved conditions. During the deglacia-
tion phases, the fluvial drainage, fed by the melting glaciers, produced the deposition of
sediment above the plain. The consequence of these sea level changes is the alternation
of terrestrial hosting freshwater aquifers and marine sediment, which could represent
impermeable layers separating the aquifers. In addition, the boomer data confirm the fluid
circulation of fluid, as shown in Figure 6.

We conclude from our case study that the integration of geological and geophysical
data, including in particular seismic imaging, coupled with independent constraints from
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wells, can provide a useful approach to unveil the occurrence of potential offshore water
reserves providing a foundation for further detailed exploration.
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