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Abstract: The Aiza research area covers over 650 km? of the northern Adriatic offshore, a com-
mon Adriatic foreland of the older Dinarides on the NE, and the younger Apennines on the SW.
High-quality 3D reflection seismic data were used to investigate the area’s Mesozoic to Cenozoic
tectono-stratigraphic evolution. Four main seismo-stratigraphical horizons were recognized: Base of
Carbonate Platform (BCP), Top of Carbonate Platform (TCP), Messinian Erosional Surface (MES), and
a Plio-Quaternary horizon (P1Qh), as well as the dominant faults. The results depict the geological
setting and tectonic evolution of the area. A long-lasting (Jurassic to Cretaceous) stable NW-SE
striking platform margin evolved probably along the inherited Triassic normal fault. The marginal
belt of the platform was affected during the Late Cretaceous to Palaeogene by extension and opening
of the intra-platform basin, probably on the southern limb of the then developing Dinaric forebulge.
The transverse fault system (Kvarner fault) was probably reactivated as a strike-slip zone during
the late Miocene tectonic reorganization. The area was tilted to the SW during the Pliocene, in the
distal foreland of the progressively northward propagating Northern Apennines. Sub-horizontal late
Quaternary cover of Dinaric and Apenninic structures could imply active subsidence of the foreland
in between nowadays sub-vertically exhuming neighboring orogenic belts.

Keywords: Northern Adriatic; 3D reflection seismic data; Adriatic Carbonate Platform; Adriatic
Basin; tectonic structure; Kvarner Fault System

1. Introduction

The Kvarner and Istria offshore in the northern Adriatic Sea is characterized by
polphase tectonic and stratigraphical development within the common but diachronic Adri-
atic foreland, situated between the northwestern Dinarides and the Northern Apennines
(Figure 1a). The Triassic to Palaeogene carbonate platform-to-basin system is buried by
Neogene to Quaternary predominantly clastic deposits. This paper’s main objective is
to reconstruct the evolution of the carbonate platform and the geometry of its margin in
the area. It also aims to define the structural-tectonic setting of the research area, with a
particular focus on investigating the possible continuation of inferred transverse structures
(oriented obliquely or perpendicularly to the platform margin and the orogenic belts). Sim-
ilar structures have been previously identified onshore, such as U¢ka Mt. [1], and between
SE Istria and the Kvarner islands ([2]; Figure 1a). These structures could potentially be
related to the supposed transverse Kvarner Fault System, which is argued to dissect the
thrust front of the External Dinarides [3,4]. However, there are interpretations of intriguing
compressional structures within this part of the Adriatic foreland, as indicated by Del
Ben [5] and épeli(: et al. [2]. If it were so, the Dinaric front would be further south than
the conventionally accepted position along the offshore edge of the outer (southernmost)
Kvarner islands (Figure 1a). The discrepancy in interpretations of major geological struc-
tures in the Kvarner area underscores the need for further research in this crucial part of the
Adriatic foreland, particularly in areas covered by high-quality seismic data. To address
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this, we have conducted an analysis of high-quality 3D reflection seismic data from the
Aiza exploration Block, situated within the Adriatic foreland, offshore southern Istria, and
the Kvarner islands.
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Figure 1. (a) Location, palaeoenvironmental after Grandi¢ et al. [3], and tectonic map after Korbar [4]
of the study area, including the position of the Aiza research area, locations of the two exploration
wells, Susak more-1 and Alessandra-1, situated offshore Kvarner and southern Istria. Contours
delineate the shorelines of the mainland and the Kvarner islands. A dashed-dotted line indicates
position of the 2D regional seismic profile CROP-M16. Inset shows map’s location in the Northern
Adriatic area and the thrust fronts of the surrounding orogenic belts. (b) The frame of the Aiza 3D
Block depicts placement of the seismic sections, including inlines, crosslines, composite lines, and 2D
seismic lines. These sections have been selected to provide a clear and representative reflection of the
subsurface relationships within the exploration area covered by seismic data.

Our approach involves revising existing geological data and conducting a comprehen-
sive re-analysis of the structural-tectonic framework in the southern offshore area of the
Kvarner region. This research integrates advanced seismic interpretation, 3D geological
modelling, and a correlation between geological data from surrounding wells and the
high-resolution 3D reflection seismic data within the study area. The creation of detailed
maps has proven indispensable in providing a clearer understanding of the geological
structures that mark the transition from the Mesozoic Adriatic Carbonate Platform (ACP)
to the Adriatic Basin (AB), which is overlain by Cenozoic sediments of the Adriatic foreland
(as previously discussed by Grandi¢ et al. and Safti¢ et al. [3,6]; Figure 1a).

However, our primary emphasis centers on identifying tectonic structures, particularly
the potential reactivation of older Triassic extensional faults during the period of Alpine
compression, and their potential neotectonic reactivation. This research highlights the
substantial impact of high-resolution data collected from local research areas in enhancing
our ability to achieve a more thorough understanding of regional geological structures.
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2. Geological Setting and Stratigraphy

The Adriatic region is situated within the Adratic microplate (Adria), which interacts
with the surrounding Alpine orogenic belts (Figure 1a): the Apennines to the SW, the
Southern Alps to the NW, and the Dinarides to the NE [7]. Following the initial (aborted)
rifting and individualization of Adria during the middle Triassic period [8,9], the Adriatic
Basin (AB) and the Adriatic Carbonate Platform (ACP) developed during the Early Jurassic,
atop a vast Upper Triassic western Tethyan megaplatform (the Main Dolomites or the
Dolomia Principale sequence). This megaplatform overlies the Permian to Middle Triassic
basement, represented mainly by clastic deposits ([10]; Figure 2).

In terms of regional geodynamics, this area has been characterized by a compressive
regime since the onset of the Alpine orogenesis in the region [11,12]. The Kvarner offshore
and southern Istria (Northern Adriatic) are part of the NW portion of Adria, specifically the
Adriatic foreland [4]. The neighbouring Kvarner islands belongs to the External Dinarides,
which are seismically active. However, seismic activity in the southern part of the Kvarner
area and offshore is notably lower than in the northern part [13], suggesting that the faults
in this region are either aseismic or currently inactive. Nevertheless, the research area still
belongs to the distal foreland of both the Dinarides, formed during the Palaeogene, and
the Apennines, formed during the Neogene (Figure 1a), although in front of the latter the
deformations continue today [14].

Previous seismotectonic 2D models of the Kvarner region [15] were constructed using
geological maps and profiles that were published over the last decades. Current active
fault maps are also based on older data [16]. However, recent geological structural data
has revealed the complexity of the contact zone between the External Dinarides and the
Adriatic foreland [17]. Limited-quality seismic data have allowed interpretations onshore
and between the Kvarner islands [2,3,5].

The complex geological setting of the Kvarner area is closely tied to the multiphase
orogenic evolution of the External Dinarides, which appear to be fragmented by the
transverse Kvarner Fault System ([4]; Figure 1a). Transverse faults are observable onshore
along Ucka Mt. ([1,18]; Figure la) and continue offshore between Istria and the Kvarner
islands [2]. Further to the south, similar structures are detected on the deep seismic profile
CROP-M16 [5], though they have been interpreted as frontal compressional structures,
despite their fault configurations resembling those of a transverse strike-slip Kvarner Fault
System [4].

Stratigraphic correlation was carried out between the two closest available wells, Susak
more-1 (SM-1) and Alessandra-1 (Figure 2). These wells are located 37.2 km from each other
and are situated outside the seismic survey area (Figures 1 and 2). Despite being outside
the seismic coverage, both wells offer valuable insights into distinct stratigraphic facies and
the thickness of platform and basin deposits, which are explored in this paper. Furthermore,
onshore data from the Kvarner region have indicated the presence of short-lasting Late
Cretaceous intra-platform basins [19-21].

Susak more-1 well (SM-1) drilled through the succession of the ACP and reached the
middle Triassic clastic sequence [22], which developed during the initial rifting in the region
along the precursor fault network [8]. In contrast, the stratigraphy of the Alessandra-1 well
(Figure 2) reveals the presence of a Jurassic to Palaeogene carbonate pelagic sequence of
the AB, followed by overlying Miocene neritic shelf carbonates.
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Figure 2. Stratigraphic correlation of Alessandra-1 and Susak more-1 wells with main prominent
horizons, adapted from Speli¢ et al. [2]. These horizons include BCP (Base Carbonate Platform), TCP
(Top Carbonate Platform), MES (Messinian Erosional Surface), and P1Qh (Plio-Quaternary horizon).
Well positions are depicted in relation to the investigated Aiza Block and the 3D seismic area available
for this research.

One of the most prominent unconformities in the research area is the Messinian
Erosional Surface (MES; Figure 2). According to Hsti et al. [23], variations in the Atlantic-
Mediterranean connection during the Late Miocene led to the Messinian Salinity Crisis—a
significant event that impacted the palaeogeographic and environmental evolution of the
Mediterranean region, including the Neogene Adriatic (clastic) Basin. On the ACP area,
the Top of the Carbonate Platform (TCP) often coincides with the Messinian Erosional
Surface (MES), primarily due to the absence or limited thickness of Neogene Adriatic shelf
deposits [2]. However, this is not the case within the analysed 3D seismic Block (Figure 3).
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Figure 3. (a) Location of seismic profiles. (b) Seismic profile IL 9435 with interpreted horizons
tentatively calibrated using data from the remote Susak more-1 well. The position of the carbonate
platform margin is indicated by the red solid line, extrapolated by the red dashed line. (c) Seismic
section XL 2069 illustrates the platform escarpment on both the NW and SE sides. (d) Seismic section
IL 10330 reveals the SE slope of the platform, along with the presence of extensional faults (short red
solid lines) and indications (red dashed lines) of strike-slip faulting intersecting the profile.

Following the development of the Apennine foredeep, thick Neogene synorogenic
clastic sequences were deposited in the Po Plain—Adriatic Basin area [24]. The alternation
of hemipelagic facies is a characteristic feature of sedimentary Palaeocene-Pleistocene
sequences, even within the Croatian part of the Po Depression [25]. Pliocene deposits are
predominantly composed of silt, while loosely compacted sandstones dominate during
the Pleistocene age. These sandstones resulted from deposition in the delta and pro-delta
facies of the Po River catchment area, as evidenced in the Alessandra-1 well (Figure 2).
Throughout the Pliocene and Pleistocene, the Po Plain and the Northern AB experienced
significant subsidence rates due to the eastward rollback of the Apennine subduction
hinge [26,27]. This led to the propagation of the Apennine thrusts and subsidence of the
Adriatic foreland in the central part of the Northern Adriatic [28]. The active Northern
Apennine thrust system is buried beneath the southern margin of the Po Plain and the
Adriatic Sea, making this area seismically active [29], with the potential to propagate further
to the NE [30].

In the Croatian part, delta and pro-delta sediments of the Po River depression first
appeared in the Pleistocene, when eastward shift of the Adriatic Sea coastline was driven
by the eastward Apennine migration. Simultaneously, temporal fluctuations in sea-level
during the ice ages moved the coastline north-south several times [25]. The Po Plain—
Adpriatic Sea foreland region allowed for the development of a large, superimposed delta
system, significantly impacting hydrocarbon storage. Hydrocarbon reserves in the Po
Plain have been known since 19th and 20th centuries, although in relatively small volumes
due to tectonic activity. Biogenic gas reservoirs are found in the Pliocene-Pleistocene Po
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Plain [31-33]. Hydrocarbon traces in the Croatian offshore are situated on the margin of
the ACP and within the AB, although their occurrence is sporadic, primarily within the
Susak Formation [25]. Durasek et al. [34] suggested that gas-filled limestones are located
in the hanging wall of the platform margin, trapped by Pliocene clay marls acting as
barriers to fluid migration. Despite numerous stratigraphic studies on different sections
of the Po Plain—Adpriatic system [25,33,35,36], there is still no comprehensive sequential-
stratigraphic framework for the Croatian offshore region.

3. Data and Methods

This study is based on the analysis of a 3D seismic volume from the Aiza exploration
Block, located offshore Croatia in the northeastern part of the Adriatic Sea. The 3D seismic
data, covering an area of ~ 650 km? (Table 1), were acquired during the hydrocarbon
exploration activities conducted by INAGIP, a Croatian—Italian company. To enhance the
geological understanding of the research area, we also utilised published data and available
logs from the Susak More-1 exploration well. Additionally, Italian public data sources were
consulted, including the CROP-M16 seismic profile [5,28] and the Alessandra-1 well [37],
situated near the Aiza Block on the Italian side of the Adriatic Sea. The analysis and
interpretation of geophysical data in this offshore environment were carried out using
Schlumberger’s Petrel 2020.5 E&P software.

Table 1. Spatial framework of the Aiza Block and position of Susak more-1 and Alessandra-1 wells.

Coordinate Reference System EPSG: 32633—WGS 84/UTM Zone 33N

Latitude Min: 44°04'7.4065" N Max: 44°24/16.1728" N
Aiza Block Longitude Min: 13°37/41.3080" E Max: 14°04/35.2727" B
Time (ms) Min: —4498.50 Max: 1.50
Susak Lwell Latitude 44°22'10.8875" N
usaxmore-1we Longitude 13°52/11.0064" E
Alessandrat well Latitude 44°02'6.2100" N
essandra-t we Longitude 13°53/38.3200" E

Well Susak more-1 (SM-1) is located within the northern corner of the Aiza Block,
approximately 5.8 km beyond the seismic coverage. The Alessandra-1 well, while located
6 km south of the Aiza research area, was still in proximity to the recorded data and
therefore considered in this study.

Transformation of the well data to the two-way time (TWT) enabled the estimation
of horizon depths and sedimentary unit thicknesses. To achieve a comprehensive inter-
pretation, we generated 42 inline and 102 crossline sections with an intermediate distance
of 25 ms. Therefore, the distance between two interpreted inlines was set to 468.63 m
and 312.40 m for crosslines. Additionally, we created composite sections (CL-1 and CL-2;
Figure 1b) to analyse specific segments discussed in previous literature [2,5].

Mapping of significant horizons such as the BCP, TCP, MES, and PIQh involved manual
picking and initially employed a classic seismic view. However, for poorly distinguishable
horizons, we performed an analysis of seismic attributes to enhance interpretation accuracy.
Seismic attributes provide valuable information extracted from seismic data that may
not be readily observable [38]. In the context of geological studies, these attributes have
applications in defining regional formations, evaluating deposits, determining structural-
tectonic settings, and more [39]. Their significant role has also been evidenced in recent
studies, where they are used with innovative methodologies [40,41].

Analysis of seismic facies is fundamental in identifying sediment sequences based on
seismic patterns [42]. The investigated horizons served as lithological boundaries and were
related to unit contacts in the Susak more-1 and Alessandra-1 wells. Additionally, sharp
offsets in amplitude seismic sections were utilised for fault identification. While numerous
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minor faults were present in the research area, we systematically mapped six dominant
faults that extended across a significant portion of the region.

Isochron maps, which depict differences in TWT between two seismic reflectors
(seismic events), were used to interpret thickness variations [42]. These maps provide
valuable information about the palaeostructure and thickness variations in the lower
horizon during the deposition of the upper horizon [43]. Isochron maps served as an
additional method for extracting geological information from available data. The map
configuration utilised the convergent interpolation method with a grid increment of 50
x 50 m. This approach was chosen to maintain data trends and prevent over-smoothing.
This method is a fast, general-purpose algorithm, and it adapts well to various data
densities by iteratively refining grid resolutions. To prevent over-smoothing, the trend
extrapolation method was specifically applied, as it has a tendency to preserve data trends
in extrapolated regions. Additionally, a multi-resolution technique was employed to ensure
surface smoothness and an accurate representation of subsurface structures, varying the
level of detail in different parts of the surface based on the perspective.

To reveal evidence of possible tectonic activity of the subsurface offshore environment,
a 3D data display was predominantly used because it provides an analysis of the entire
investigated area via horizontal time-slices. To visualize the carbonate platform setup, a 3D
model was developed using a lattice construction process and contoured horizons. The
geometric parameters of the model are detailed in Table 2.

Table 2. Geometric parameters of the 3D model.

Grid cells (nIxnJxnK) 672 x 503 x 1
Grid nodes (nIxnJxnK) 673 x 504 x 2
Total number of grid cells 1,014,048
Total number of grid nodes 1,356,768
Total number of 2D cells 338,016
Total number of 2D nodes 339,192
Total number of defined 2D nodes 194,040
Average X increment 50
Average Y increment 50
Average Z increment (along pillar) 1373.632

This study conducted a highly detailed interpretation of seismic sections, focusing
on four prominent chronostratigraphic horizons and six dominant faults within the Aiza
Block. Deposits in the research area are in the stratigraphic range from the Lower Triassic
to Quaternary (Figure 2). Particular emphasis was on platform carbonate facies evolution
(Late Triassic-Palaeogene) and Plio-Quaternary seismic facies. Detailed 3D structures
and sediment distribution were used to constrain fault system evolution and potential
accompanying structures. The results are visualized through seismic profiles, 2D maps,
and a 3D model.

4, Results
4.1. Seismic Sections

The seismic reflection profiles (Figure 1b) were primarily utilised to delineate the struc-
tural features of the carbonate platform and the regional basin. Among the various seismic
sections analysed, those that are presented most effectively illustrate the palacomorphology
and structural-tectonic framework, which will be discussed in detail below.

With respect to Mean Sea Level, the water bottom was identified at approximately
—100 ms, equivalent to a depth of 75 m (Figure 3b). The seabed reflector and the shallowest
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parts of the seismic profiles were muted, resulting in a lack of consistency and well-resolved
reflection geometry in the upper part of the initial depth.

By comparing with previous findings and well data (Figure 2), four major reflectors
were identified and interpreted as the main horizons. From top to bottom, these horizons are
the Plio-Quaternary horizon (PIQh), Messinian Erosional Surface (MES), Top of Carbonate
Platform (TCP), and Base of Carbonate Platform (BCP), in stratigraphic order as shown in
Figure 3b. The BCP seismic horizon represents the boundary between the clastic sediments
of the Permo-Triassic (below) and the onset of shallow-water carbonate deposition (above).
The Adriatic Basin (AB) formed during Lower Jurassic, and the TCP horizon, deeply buried
in the basinal domain, is clearly visible on seismic sections, marking the boundary between
the Adriatic Carbonate Platform (ACP) to the NE and the AB to the SW.

Between the TCP horizon and the MES unconformity within the Aiza Block, carbonates
appear to have been deposited on a distal ramp (formerly part of the ACP) of the emerging
Dinaric foreland basin from the NE. In the Susak more-1 well (Figure 2), this sequence is
represented by Palaeogene neritic carbonates unconformably overlain by a thin layer of
predominantly Early Neogene biogenic carbonates, deposited on the Adriatic shelf in the
distal foreland of the evolving Apennines from the SW. The top of this carbonate succession
is truncated by the MES horizon, reflecting a regional Messinian erosional event.

The horizon within the P1Q succession was selected for mapping due to its prominent
positive seismic reflection with high lateral continuity, marked by stratal terminations
below and significant changes in seismic facies (Figure 3b—d). Furthermore, this horizon
was chosen because it represents the most apparent reflector within the P1Q sequence,
characterized by high amplitude, enabling successful chronostratigraphic correlation.

The margin of the ACP is distinguishable in most profiles, clearly depicting the south-
western platform-to-basin margin. On many interpreted seismic sections, a sharp slope at
the platform edge is readily apparent (Figure 3b,c). The northwestern and southeastern
boundaries of the carbonate platform were also captured by a cross-section perpendicular
to the platform spreading (Figure 3c). However, at the southeastern end of the study area,
the platform margin exhibits a gradually steep slope, characterized by a quite deformed
rugged edge (Figure 3d).

Beneath the MES horizon, in the southwestern part of the upper slope (Palaeogene-
Miocene valley), pelagic slump deposits (probably allodapic carbonates) are dislocated
and segmented by several nearly vertical extensional faults (short red solid lines), forming
part of the primary extensional system (Figure 3d). One major sinistral transpressional
strike-slip was identified, with its trajectory intersecting the seismic section at multiple
points (indicated by red dashed lines) due to its winding path relative to the IL 10330.

The most challenging horizon to interpret was the Base of Carbonate Platform (BCP)
horizon, primarily due to diminishing resolution with depth. This horizon is often region-
ally mapped with uncertainty, and its extent is typically estimated [2,5]. Nevertheless, the
3D seismic data analysed in this study enabled us to successfully map the BCP horizon,
especially utilising several seismic attributes such as Variance (Edge method), Local flatness,
Iso-frequency component, Instantaneous phase, Instantaneous frequency, Dominant fre-
quency, Cosine of phase, and 3D edge enhancement. These attributes also proved valuable
in mapping less distinct sections of the Top of Carbonate Platform (TCP) horizon.

Among these attributes, Cosine of phase emerged as the most effective in delineating
the BCP within the study area. A comparison between an uninterpreted classic seismic
view and an interpreted section of Cosine of phase attribute is depicted in Figure 4b,c. The
classic view exhibits poor visibility, whereas the section derived from the seismic attribute
Cosine of phase provides significantly improved clarity. For mapping other horizons such
as TCP and Plio-Quaternary horizon (P1Qh), the most successful seismic attributes were
found to be Instantaneous phase, Variance, and 3D edge enhancement (Figure 4d).
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Figure 4. Horizon mapping on seismic section XL 2844: (a) Location of seismic profile; (b) the
uninterpreted classic seismic view with highlighted position of four main horizons (yellow arrows);
(c) the seismic attribute Cosine of phase view with the interpreted BCP horizon; (d) the seismic
attribute 3D edge enhancement view with the interpreted PIQh and TCP horizons.

On seismic section IL 9910, a structural-stratigraphic interpretation revealed the pres-
ence of a simple intra-platform basin (Figure 5a, located in the NE part of the section). The
NE boundary of this intra-platform basin can be considered a prominent structural feature
(i.e., major branch line). This boundary could reasonably be extended towards the BCP
horizon, as a deeper antiform structure has been identified beneath the BCP horizon. The
platform’s edge extends perpendicular to the slope deposits” dip (Figure 5a, in the SW part
of the section), which exhibits dense fracturing caused by accompanying extensional faults.
The origin of the major branch line may be traced to the probable continuation of a signifi-
cant regional extensional fault within the study area. The NE fault of the intra-platform
basin likely formed due to the reactivation of a secondary Middle Triassic fault as an
extensional detachment. Consequently, the intra-platform basin exhibits a close association
with footwall elevation lows along the ACP margin. Additionally, the extensional fault
might extend upwards into the PIQ sediments.

The NW-SE striking intra-platform basin is evident in both crossline and inline seismic
sections. It likely developed atop a late Cretaceous to Palaeogene extensional detachment
(Figure 5a). This detachment probably underwent reshaping into a hybrid flower structure
during the late Miocene (Figure 5b; [44]). Due to the structural complexity in this area, a
hybrid flower structure was identified within regions characterized by a releasing bend of
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the listric fault and a restraining bend of the strike-slip fault (depicted as thick red lines in
Figure 5b). The lateral variations in thickness indicate deposition during active subsidence,
which may have contributed to the development of intra-basinal sediment deformations.
The intra-platform basin has a degraded footwall, as evidenced by the visible anticlinal
structures (indicated by black arrows), which have been preserved due to fault reactivation
along former extensional faults (Figure 5b).

sak more-1

fxg

Figure 5. Structural-stratigraphic interpretation of seismic sections IL 9910 and XL 2844: (a) On

seismic section IL 9910, the major structural features include a pronounced platform margin marked
by a steep slope (indicated by the thick red line on the left) and a relatively simple intra-platform
basin (represented by the two thick red lines on the right). Thin red lines depict extensional faults.
Abbreviations used: Adratic Basin (AB), Adriatic Carbonate Platform (ACP), and Tethyan Mega
Platform (TMP). (b) Seismic section XL 2844 reveals a more complex intra-platform basin within a
releasing bend (listric fault, thick red line on the left) and a restraining bend (strike-slip fault, middle
thick red line). Some faults within the hybrid flower structure exhibit signs of reactivation (double
arrows). Additionally, preserved anticlinal structures formed as a result of fault reactivation with an
opposite character are indicated by black arrows. Multiple reflectors are marked by “m”. (c) Location
of the seismic sections is shown for reference.
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The Plio-Quaternary seismic facies are most effectively observed along cross-lines
sections, parallel to the depositional dip. An illustrative example can be seen in XL 1544
(Figure 6). The thickest, undeformed Pliocene deposits, probably formed in a protected
shelf environment (deep neritic facies or shallow marine setting), are depicted in Figure 6a.
Seismic facies interpretation for the PIQ-age deposits is based on a diversity of characteris-
tics derived from reflection shape, amplitude, frequency, and continuity within the specific

sequence (Figure 6b).

Terminations
—~— onlap

Prograding systems
topset
T downlap T diinoform/prograding

facies unit Char
Parallel Low amplitude
SEQ continuous Low frequency
SEQ2 Parallel Medium to high amplitude
continuous High frequency
SEQ3 Parallel Low to medium amplitude
continuous Medium frequency
SEQ4 Parallel Low to medium amplitude
discontinuous Low frequency
SEQ5 Clinoform Low to high amplitude
discontinuous | Low to medium frequency
SEQ6 Subparallel | Low to medium amplitude
continuous | Low to medium frequency
SEQ7 Parallel Medium to high amplitude
continuous Medium to high frequency

(c)

Figure 6. (a) Uninterpreted and (b) interpreted XL 1544 seismic section.

Su

sak more-1
®

XL|2844

)

This section depicts chronos-

tatigraphic Plio-Quaternary sequences of the study area. The grey rectangles represent cropped areas
displayed in (c) and the black arrows highlight the presence of gas chimneys. (c) Seismic sequences,
denoted as SEQ1 to SEQ7, are described here along with their defining characteristics. (d) Inset
displays the location of the section for reference.
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Several distinct seismic facies have been identified (Figure 6¢). The dominant seismic
facies observed in this study are described as parallel (indicating minimal deformation
during deposition, denoted as SEQ1-SEQ3, SEQ6-SEQ7), divergent (reflecting differential
subsidence rates, SEQ4), and clinoform reflectors (SEQ5). The SEQ5 corresponds to a
coastal to inner neritic depositional environment, likely associated with Po River deposits.
From the NW, delta progradation is evident, with recognizable topset, foreset, and bot-
tomset deposits. However, the SE part of the XL 1544 does not display topsets within
the parallel-oblique clinoform patterns of SEQS. In the SE propagation, the transport of
accumulated fluvial deposits results in multiple reflectors and areas with no reflection
(caused by fault discontinuities). Some of these features could potentially pose geological
hazards. Notably, gas chimneys are also visible in this section (indicated by black arrows).
They are characterized by vertical zones of low amplitude and chaotic data, probably
resulting from velocity discontinuities such as the termination of a “bright spot”.

Z-scale maps in TWT were created, facilitating a clear and comprehensive struc-
tural interpretation. Seismic time slice views were predominantly utilised to enhance the
structural-stratigraphic interpretation of inline (IL) and cross-line (XL) seismic sections.
Six illustrative examples of these maps are provided in Figure 7d—i. Structural elevations
are distinctly depicted as abrupt transition from high positive and negative amplitudes to
lower amplitudes.

Two sets of fault systems are discernible within this study area. The tectonic framework
of the regionally dominant Dinaric structures, typically striking NW-SE, has been identified.
Additionally, NE-SW faults are notably prominent and exhibit a considerable stratigraphic
range, extending up to the Plio-Quaternary age (highlighted by red polygons and lines in
Figure 7). The delineated boundaries of the platform edge (represented by black polygons
and lines) and the southern boundary of the intra-platform basin (illustrated by white
polygons and lines) are the most conspicuous geological features identified in the study
area (Figure 7a—i). It is noteworthy that the white lines are nearly perpendicular to the
dominant red fault lines.

Given the necessity to investigate more recent faults, the structural-tectonic framework
of primarily shallower Plio-Quaternary deposits is also presented on a 2D time-slice map
(Figure 7h,i). The emergence of left-lateral strike-slip faults during the active deposition of
Plio-Quaternary sediments suggests a potential slight counterclockwise rotation.

-

.u\”””] . ,
V/%/W N

Figure 7. Cont.
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Figure 7. Acquired tectonic configuration based on the interpretation of seismic sections. The fault
polygons are represented in a 3D view from three different perspectives: (a) from the south; (b) from
the southwest; and (c) from the top. Time-slice maps have been selected at six distinct depths:
(d) —3000 ms, (e) —2500 ms, (f) —2000 ms, (g) —1500 ms, (h) —1000 ms, and (i) —500 ms. The sharp
transitions from high to low amplitudes on these maps represent significant variations in elevation.
Red lines delineate the primary faults within the study area, while black lines indicate the platform’s
margin and white lines delineate the edges of the intra-platform basin.

4.2. Subsurface Maps and 3D Models

The interpretation of these horizons enabled creation of 2D contour maps representing
their depths in two-way time (TWT). These isochron maps provide insight into the geometry
of each horizon and reveal the positions of the main slope and faults. Surface maps have
been generated for four horizons: BCP, TCP, MES, and P1Qh (Figure 8). The parameters
used for all these surface maps are consistent and include high resolution, an enhanced
contouring method with increments of three for smoothing and one for refinement. The
isochron interval on the BCP, TCP, and MES maps is 25 ms TWT, while on the PIQh map, it
is 10 ms TWT.

In the BCP map (Figure 8a), the Susak more antiform structure is predominantly
expressed with a north-south strike, covering an area of 63.6 km?. Previous INA reports [45]
estimated the top of this structure at 2576 m and a surface area of 80 km?, with nearly 80%
located within the Aiza Block. Our study confirms these estimates regarding the depth
and size of the structure. The BCP horizon represents the boundary between clastic to
carbonate successions. In the structure (Figures 7d,e and 8a), a listric detachment fault with
an NE-SW strike is observed, as well as another significant fault (potentially of the Kvarner
Fault System) with a similar strike that borders the structure on its SE side. The pre-existing
Middle-Late Triassic fault network played a role in shaping the steep geometry of these
major strike-slip faults, leading to the separation of the Adriatic Basin from the Adriatic
Carbonate Platform (AB-ACP segregation; [8]).

The TCP structure map retains a similar arrangement (Figure 8b). Large NW-SE
striking geomorphological carbonate ridges mark the boundary between the carbonate
platform and the basin (see also sections on Figure 5). A prograding carbonate platform
margin is identified in the SE portion of the area.
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Figure 8. Time-structural maps for the: (a) BCP; (b) TCP; (c¢) MES; and (d) PIQh horizons. Isochron
intervals are set at 25 ms TWT for (a), (b), and (c), while (d) has a 10 ms TWT isochron interval. The
grey outlines represent all seismic sections referenced in this paper.

Multiple tectonic events have influenced and altered the basin, resulting in its division
into two domains. The distinct, well-defined boundary of the ACP margin, observable on
the TCP surface map (Figure 8b), separates Mesozoic platform carbonates of the ACP from
carbonates to the SW in the AB. The clearly defined boundary between the basin (light blue
and blue colours) and platform (green to purple colours) carbonate domains separates the
AB in the SW part of the Aiza Block from the carbonate platform. An elongated NW-SE
depression, i.e., an intra-platform basin, can be observed within the platform, open to the
SE. As such, the Aiza intra-platform basin can be characterized as an embayment (Figure 9).
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Figure 9. The 3D model illustrates the configuration of platform carbonates within the Aiza explo-
ration Block. The upper image of TCP surface depicts the Adriatic carbonate platform margin and the
intra-platform basin, while the lower image of the BCP surface depicts the dome-shaped geometry
of the basement. To enhance visibility, a vertical exaggeration factor of five has been applied to the
Z-scale. The contour interval is 25 ms TWT.

The map corresponding to the MES horizon (Figure 8c) represents an unconformity
between the underlying carbonate sequence, primarily of Mesozoic age, and the overlying
Pliocene-Pleistocene clastic sequence. The MES surface shows a slightly inclined ramp that
descends towards the SW.

Above these horizons (BCP, TCP, and MES), the shallowest interpreted horizon is
presented in the map shown in Figure 8d. Evident incised valleys align with the locations
of synthetic extensional zones. This suggests that during the initial stages of fault growth,
the progradation of the Po River drainage system exploited topographically low areas that
developed between fault segments.

The 3D seismic data encompassing the Aiza area have been instrumental in generating
a comprehensive 3D model specific to the study region (Figure 9).

The contour lines were created with a 25 ms TWT increment, using a smoothing
increment of three and a refinement of one. Additional recorded parameters, including
elevation time, are shown in Table 3.
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Table 3. Model parameters for 3D platform carbonate facies.

Axis Min Max Delta
X 391,447.35 425,047.35 33,600.00
Y 4,883,952.89 4,909,102.89 25,150.00
Time —3485.86 —646.26 2839.60
Lat 44°06'2.5600"” N 44°19'52.7607" N 0°13/50.2007"
Long 13°38/18.7450" E 14°03/48.7450" E 0°25'29.7682"

This study incorporated a 2D regional seismic profile CROP-M16, obtained from the
ViDEPI [37]. This profile has been included because its northeastern part intersects with
the Aiza area (as shown in Figure 10a). Previous papers have suggested the presence of an
apparent Dinaric frontal structure (i.e., structural antiform of unknown origin, marked with
a yellow square in Figure 10b) and proposed that the southern Istrian offshore region is
part of the External Dinarides (e.g., [5]). Figure 10a illustrates the position of this structure
within the Aiza Block, along with other structural assumptions made in this paper.

Figure 10. (a) Location of the sections, with highlighted interpretation of the carbonate platform
margin (thick black line) and the major Kvarner Fault System marked by red line; (b) seismic section
CROP-M16, with a black rectangle indicating the Aiza area and a yellow rectangle indicating the
apparent structure previously recognized by [5]; (¢) composite section CL-1; (d) composite section
CL-2. Both sections include interpreted regional horizons and the Kvarner Fault System; the Z-scale
in these figures has a vertical exaggeration factor of five.

The 3D perspective sheds light on the apparent relationship and spatial alignment
of the structure, as well as on the transpressional-transtensional fault zone. Figure 10a
highlights the position of composite seismic lines (CL-1 and CL-2) generated across the
supposed Dinaric frontal structure [5]. However, Figure 10c,d clarifies the interpreted
antiform that obviously has a distinctly different structural arrangement from what was
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initially perceived in Figure 10b. It is apparent that the subsurface “anticline” structure
observed on CROP-M16 does not appear in its real shape due to its proximity to a major fault
(Figure 10c). Moreover, this structure is situated within the slope of the carbonate platform
(Figure 10d). The distortion observed can be attributed to subsurface discontinuities and
insufficient resolution. Relying solely on the 2D seismic profile of CROP-M16, achieving
accurate interpretations is challenging, given the presence of diffractions and events caused
by nearby geologic structures. In this study, the recognition of these structures, including a
major fault and the carbonate platform margin, was made possible through the analysis of
3D seismic data.

5. Discussion

The Aiza research area (Figure 1) is characterized by Permian to Middle Triassic sedi-
mentation of predominantly clastic deposits ([3,8,22]; Figure 2). The onset of deposition of
neritic carbonates all over the research area began with the upper Triassic Main Dolomite
and continued throughout the Mesozoic and early Cenozoic in the Adriatic Carbonate Plat-
form (ACP) domain. The Early Jurassic opening of the Adriatic Basin and separation of the
ACP in Toarcian [10] was probably related to the reactivation of an inherited longitudinal
Triassic normal fault of a Dinaric strike (NW-SE) in the southern part of the research area
(Figures 3, 5 and 10).

During the Late Cretaceous to Palaeogene, the previously stable NW-SE striking
platform margin was affected by normal faulting and south-directed extension. This
was likely driven by a large-scale detachment, possibly occurring on the southern limb
(backbulge) of the emerging Dinaric forebulge (Figure 11). The backbulge intra-platform
basin, displaying a Dinaric orientation, is thought to originate from the reactivation of
the Triassic fault network (Figure 5a). Similar but probably older intra-platform basins
are reported also from the southern part of neighbouring tectonostratigraphic unit that
belongs to the External Dinarides (Premuda and LoSinj islands, Figure 12), the area that
was probably part of the southern (distal) limb of a wide Dinaric forebulge during the Late
Cretaceous to Palaeogene ([4] and reference therein). Synsedimentary normal faulting is
reported also along the northern (proximal) limb of the forebulge that during the Palacogene
evolved into a foredeep characterized by deposition of flysch [46].

SW DINARIC FORELAND BASIN SYSTEM NE
Aiza future External Dinarides Internal Dinarides
Backbulge l _______ Forebulge Foredeep Wedge top

Adriatic Basi I9 rian\ Dalmatian\ 7/ High Karst\ Inner
—_— Adriatic - Dinaric Karst
7 Carbonate Platform Pre-Karst

Figure 11. Schematic cross-section of the Dinaric Foreland Basin system from the late Cretaceous to

Palaeogene (modified after [4,47]), with the proposed position of the Aiza area (red rectangle). Not to
scale.

This study utilised interactive interpretation techniques involving 3D visualisation
to overcome limitations posed by 2D seismic data [39], particularly in addressing the
ambiguously interpreted compressional structure mentioned by Del Ben [5]. As a result,
longitudinal compressional structures parallel to the Dinaric orogenic front were not
identified in the investigated Aiza research area, which thus remained part of the Adriatic
foreland. The normal faults of Dinaric strike (NW-SE) were obviously not reactivated in
the area during Palaeogene shortening when the External Dinarides were formed on the
NE, and the frontal thrust is located close to the outer Kvarner islands ([2,4]; Figure 12).

However, transverse structures recognized along the eastern margin of the Aiza
research area (Figure 5) play a crucial role in understanding the geological features of



Geosciences 2023, 13, 323

18 of 22

the wider Kvarner area. To contextualize the interpretation of the platform margin and
other structural insights obtained by this research, a regional tectonic map was amended
(Figure 12).

Legend
[=_="=]Previously interpreted area (Spelic et al, 2021)

E Eocene compressional fault (Spelic et al., 2021)
[=——"T miocene fautt Speic et ., 2021)
[=——"TPiiocene fauit (3peli¢ et aL., 2021)
Pliocene fault (this paper)
Late Cret Pliocene fault
(this paper)

Previously interpreted carbonate platform margin|
(Grandic et al., 2013)

E’ Carbonate platform margin (this paper)
Miocene fault (Kvarner fault zone)
(this paper)

Miocene fault (Kvarner fault zone)
(re-interpreted in this paper)
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Figure 12. Geological map of the Istria and Kvarner region (adopted and modified after Speli¢
et al. [2] and references therein), integrated with findings from Grandié¢ et al. [48]. This map encom-
passes the significant structural insights obtained by this research, such as the delineation of the
Mesozoic Adriatic carbonate platform margin and the interpretation of major faults, including their
extrapolation towards the fault system identified by épelié etal. [2].

The interpretation of the carbonate platform margin in this study differs slightly from
that presented by Grandic¢ et al. [48]. This study suggests the continuity of regional trans-
verse strike-slip faults and the assumed dissection of the once-linear carbonate platform
margin. The NW-SE striking intra-platform basin is evident within the Aiza research area
(Figure 9) and could be developed on top of Late Cretaceous to Paleogene extensional
detachment (Figure 5a) that was probably reshaped as a hybrid flower structure during
late Miocene (Figure 5b; [44]).

Strike-slip late Neogene faults recognized on seismic sections between Kvarner islands
and Istria [2] are here extrapolated (thick black dashed line; Figure 12) and connected with
the major sinistral transverse Kvarner fault identified within the Aiza research area (black
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solid line). The transverse fault was mapped onshore, along the eastern coast of Istria, and
interpreted as a steep (subvertical) fault [18], rather than a thrust fault, as considered by
Speli¢ et al. [2]. This complex transpressional-transtensional zone with an NNE-SSW strike,
previously recognized as the Kvarner Fault System ([4], and references therein), may have
been (re)activated during the Miocene transpression, resulting in the uplift of the Utka Mt.
ridge. These fault displacements could have caused the left-lateral shift of the previously
linear platform margin (Figure 12) along a reactivated transverse Triassic lineament ([8];
see Figure 8) during late Miocene (Messinian) tectonic reorganization. The transverse
NNE-SSW striking Kvarner fault is oblique to the Dinaric strike (NW-SE) and does not
dissect the NW-SE striking Pliocene normal faults (Figure 12). The later were probably
(re)activated during SW crustal tilting in the distal foreland of the Northern Apennines.
Subhorizontal late Quaternary cover of Dinaridic and Apenninic structures could imply
recent subvertical subsidence of the foreland in between nowadays sub-vertically exhuming
neighbouring orogenic belts, as illustrated in Figure 11 of [17]. The geometry of the related
seismo-stratigraphical sequences presented in this paper depicts the multiple evolution of
the common Adriatic foreland of the north-western Dinarides and Northern Apennines.

The structural complexity in this region could be attributed to the differential retreat
of the Adriatic plate, leading to the segmentation of the Apennine thrust front [27]. This, in
turn, resulted in different tectonic styles in the Southern and Northern Apennines [49,50].
The regional transverse (oblique) N-S oriented lineament across the Adriatic Sea [4] is
inferred also from the N-S oriented structures in the central Adriatic that continue onshore
in the central Apennines [27]. Thus, the differential retreat of the Adria related to the Late
Neogene formation of the Apenninic structures could strongly affect the common Adriatic
foreland. The activity of retreat-related transfer faults may have rotated and dissected
the frontal Dinaric structures in the Kvarner area that were previously assumed to be
continuous in front of the NW-SE striking External Dinarides.

The structural-tectonic framework in this area is highly intricate and sometimes
inconsistent with the proven geological relationships in the Mesozoic to Cenozoic deposits
on the Kvarner islands and Istria, as shown in Figure 12. It was very demanding to
determine the entire stratigraphic development of the deposits present in the area covered
by this study with sufficient certainty in its interpretation. It is strongly recommended that
future studies in this area include a complete palinspastic analysis in order to obtain the
age of regional events. Therefore, there is a pressing need for additional cross-sections to
gain a more comprehensive understanding of the stratigraphic development in the studied
area.

6. Conclusions

Geophysical data employed in this study have shed light on the deep structural and
stratigraphic setting within the investigated part of the Kvarner and Istria offshore regions.
The Mesozoic Adriatic Carbonate Platform to the Adriatic Basin transition developed
during the Early Jurassic is characterised by a notably steep slope since its formation.

Geometry of identified Late Cretaceous to Palaeogene intra-platform basin suggests
that it probably originated due to synsedimentary normal faulting, driven by an extensional
detachment situated atop clastic Permo-Triassic sedimentary sequences. This fault system
is situated along the SW margin of the Adriatic Carbonate Platform that was during the
Late Cretaceous to Palaeogene situated on the southern limb of the then developing Dinaric
forebulge.

The eastern margin of the investigated area has been significantly influenced by the
Miocene activity of a transverse strike-slip fault, which is presumably a pivotal component
of the broader Kvarner Fault System. This fault effectively separates the Dugi otok Basin to
the east from the Istrian shelf on the western side. The geological (tectonic) characterisation
of the Kvarner subsurface, as observed offshore, suggests that this system experienced its
main phase of activity during the late Neogene, possibly during the Messinian age.
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In contrast to prior interpretations, which regarded the antiformal structures observed
on a CROP image partially intersecting the investigated part of the foreland as the outermost
frontal structures of the Dinarides, this paper reinterprets them as transpressional structures
that developed along the transverse strike-slip fault, known as the Kvarner fault.

Further research is needed to provide a more detailed characterisation of the faults
that exhibit substantial displacement attributed to Quaternary tectonics. These results,
obtained in this study, can serve as a valuable foundation for further interdisciplinary
investigations. Integration of more detailed geophysical data, such as shallow seismic
surveys, and geological information from wells is a prerequisite for the development of a
more relevant geodynamic model for the Kvarner offshore area.

The findings presented here represent a significant advancement in our current com-
prehension of depositional systems, structural geometry, the tectonic significance of faults,
and deformation processes within the Northern Adriatic foreland.
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