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Abstract. The southern Baltic Sea lies within a critical transitional zone between two major geological provinces of Europe:
the Precambrian East European Platform and the Palaeozoic Platform of Western Europe. While the shallow expression of this
boundary is generally marked by the Caledonian deformation front, the deeper crustal configuration remains contentious due
to thick Phanerozoic cover. This study integrates seismic interpretation with 2-D gravity and magnetic modelling to investigate
the deep crustal architecture beneath the southern Baltic Sea. Four new seismic profiles (BGR16-256, BGR16-202, BGR16-
257, BGR16-259), acquired during the BalTec (MSM52) expedition, were analysed alongside borehole and legacy seismic
data. Seismic imaging reveals that the upper crust was primarily shaped by Permian—Mesozoic extension and Late Cretaceous
inversion. Extensional basins such as the Mid-Polish Trough and Renne Graben accumulated up to 4 km of sediments, later
uplifted and folded during inversion, which caused displacements of 1.5-2 km and produced asymmetrical marginal troughs
with NE-directed compressional vergence. The gravity and magnetic models, constrained by seismic horizons, enable imaging
of deeper crustal levels including the top of the lower crust and the Moho, which lies between 38 and 42 km depth. These data
reveal that thick Baltica-type crust extends south-westward beyond the Teisseyre-Tornquist Zone, contradicting interpretations
that propose a sharp vertical lithospheric boundary along this zone. A key finding is the identification of a NE-SW-trending
crustal lineament, likely inherited from Precambrian lithospheric fabric. Furthermore, evidence of pre-Triassic tilting and
erosion of Silurian strata suggests a significant tectonic event, possibly related to early Carboniferous uplift. The combined
data provide new insights into the complex tectonic evolution of the region, supporting a model of Baltica crustal affinity
beneath the southern Baltic Sea and emphasising the interplay of inherited Precambrian structures, Permian-Mesozoic

extension, and Late Cretaceous inversion.

1 Introduction

The southern Baltic Sea occupies a key position within the transition zone between two major geological domains of Europe:
the Precambrian Platform of Eastern Europe to the northeast and the Palaeozoic Platform to the southwest (Berthelsen, 1992;

Pharaoh, 1999). The Precambrian Platform corresponds to the ancient Baltica paleocontinent, whereas the Palaeozoic Platform
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in NW Europe is underlain by the Caledonian orogenic belt and the Avalonian terrane (Torsvik and Rehnstrém, 2003; Cocks
and Fortey, 2009). The near-surface boundary between these domains is typically marked by the Caledonian deformation front
beneath the upper Palaeozoic (Fig. 1). However, the extent and configuration of Baltica and Avalonia crustal blocks in the
deeper basement remain a subject of ongoing debate (e.g., Franke, 1995; Tanner and Meissner, 1996; Berthelsen, 1998; Bayer
et al., 2002; Dadlez et al., 2005; Mazur et al., 2015, 2026). This uncertainty arises primarily because the boundary zone is
deeply buried beneath thick Phanerozoic sediments, and knowledge of the deep crustal architecture relies largely on
geophysical and borehole data.

Several earlier studies proposed pronounced Moho depth variations across the southern Baltic Sea, with a markedly shallower
Moho southwest of Bornholm (e.g., Bleibinhaus et al., 1999; Meissner and Krawczyk, 1999; Krawczyk et al., 2002). However,
recent research by Ponikowska et al. (2024) has shed new light on the crustal structure of the region through the interpretation
of three long seismic profiles: PQ2-002, PQ2-004-005, and BGR16-212. These profiles revealed that thick cratonic crust (38-
42 km), characteristic of Baltica, extends south-westward to the vicinity of Rigen and Usedom (Fig. 1). Their study also
highlighted both the thin-skinned tectonics of the Caledonian thrust-and-fold belt and the thick-skinned deformation related to
Late Cretaceous inversion. However, the limited spatial coverage and resolution of these sparsely spaced 2-D seismic lines
constrained the ability to resolve finer-scale features of the crustal framework.

To address this gap, the current study presents interpretations of four additional seismic profiles — BGR16-256, BGR16-202,
BGR16-259, and BGR16-257 — acquired during the 2016 BalTec (MSM52) expedition. These profiles, oriented NE-SW and
NW-SE (Fig. 1), cross key tectonic structures within the southern Baltic Sea. Although the seismic data provide high-
resolution imaging of the upper crust to depths of approximately 10 km, they do not capture the deeper crustal levels. To
overcome this limitation, 2-D forward models of gravity and magnetic data were developed based on the seismic profiles.
These models enabled interpretation of the deeper crustal structure, including the top of the lower crust and the Moho
discontinuity — both located beneath the reach of seismic imaging. The depths to the Moho and the lower crust were constrained
through intersections with neighbouring seismic lines (Janik et al., 2022; Ponikowska et al., 2024). The geometry for the profile
BGR16-202 is also guided by previously interpreted Moho depths published by Maystryenko and Scheck-Wenderoth (2013).
Seismic interpretations provided the framework for potential field models and formed the basis for gravity inversion to map
the Moho depth across the southern Baltic Sea. A parallel approach, supplemented with borehole data, was applied to derive
a detailed depth-to-basement map, extending over a slightly broader area where well data provide additional constraints. This
integrated methodology yielded crustal models with an order-of-magnitude improvement in spatial resolution compared to
previous studies (e.g., Krawczyk et al., 2002; Maystrenko and Scheck Wenderoth, 2013; Mazur et al., 2021).

Our results confirm the main conclusions of Ponikowska et al. (2024), including the substantial crustal thickness beneath the
southern Baltic Sea and the southwestward extent of Baltica’s crystalline crust. However, the present analysis provides new
evidence for preserved features of the Baltica Precambrian crust, which have been modified by successive extensional phases

and overprinted by Late Cretaceous inversion tectonics.
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Figure 1: Seismic profiles and main structural elements in the transition zone from the East European Platform (EEC) to West
European Platform (WEP) at the background of the bathymetry map. The blue lines are the locations of the BGR16-256, BGR16-
202, BGR16-259, BGR16-257 profiles, and the black lines show the profiles described by Ponikowska et al. (2024). The zone of
Late Cretaceous — early Paleogene inversion and the Sorgenfrei-Tornquist Zone (STZ) and Teisseyre-Tornquist Zone (TTZ) are
shown after Ponikowska et al. (2024). MPA, Mid-Polish Anticlinorium.

2 Geological setting and previous studies

The southern Baltic Sea spans the boundary between two major geological domains: the East European Precambrian Platform
to the northeast and the Palaeozoic Platform of Western Europe to the southwest (Fig. 1). The former, corresponding to the
Baltica paleocontinent, comprises the East European Craton (EEC) basement overlain by a relatively undeformed Proterozoic—

Phanerozoic sedimentary cover. In contrast, the latter, considered as part of Avalonia, comprises an early Palaeozoic, non- to



80

85

90

95

100

105

110

low-grade metamorphic basement representing the North German-Polish Caledonides and a thick Devonian - Cenozoic
sedimentary sequence (e.g., Berthelsen, 1992; Pharaoh, 1999).

A key point of debate is whether the northeastern portion of the Palaeozoic Platform is underlain by a thinned margin of the
EEC (e.g., Berthelsen, 1992, 1998; Tanner and Meissner, 1996; Pharaoh, 1999; Lassen et al., 2001; Bayer et al., 2002;
Krawczyk et al., 2002; Mazur et al., 2015, 2016a, b; Ponikowska et al., 2024), or if the EEC is abruptly truncated along the
Teisseyre—Tornquist Zone (TTZ) (e.g., Franke, 1995; Dadlez et al., 2005; Narkiewicz et al., 2015). This uncertainty arises
because the suture between Baltica and East Avalonia is concealed beneath thick Palaeozoic—Cenozoic sediments and remains
poorly resolved in seismic data. Nevertheless, many studies suggest that the Precambrian crust of Baltica extends south-
eastward beneath the North German-Polish Caledonides and the NE German Basin (e.g., DEKORP-BASIN Research Group,
1999; Gossler et al., 1999; Krawczyk et al., 1999), potentially reaching as far as the Elbe Lineament (e.g., Berthelsen, 1992;
Tanner and Meissner, 1996; Bayer et al., 2002; Mazur et al., 2015, 2016b; Smit et al., 2016). This is consistent with recent
seismological discoveries that the Scandinavian Mid-Lithospheric Discontinuity extends southward beneath the Caledonides
and Variscides, reaching as far as the Bohemian Massif (Kind et al., 2025).

Dadlez et al. (2005) challenged this view, proposing instead that the TTZ marks a strike-slip suture developed along a
transverse Baltica margin, where adjacent terranes were accreted during the Ordovician—early Silurian. However, this model
does not account for the divergence between the TTZ and the Caledonian Deformation Front (CDF) in the southern Baltic Sea
(Fig. 2), nor does it explain the apparent linkage between the TTZ and the Sorgenfrei—Tornquist Zone (STZ) near Bornholm,
the latter being widely regarded as an intracratonic structure. Moreover, this strike-slip model is inconsistent with the thin-
skinned style of the Caledonian fold-and-thrust belt observed onshore in NW Poland (Mazur et al., 2016b). Due to these
contrasting interpretations, the southern Baltic Sea is a key area for resolving the nature of the TTZ and its relationships with
the STZ and the Caledonian orogen.

The region is characterized by a mosaic of tectonic blocks delineated by numerous fault zones formed throughout the
Phanerozoic (Fig. 2; Liboriussen et al., 1987; Berthelsen, 1992; Vejbek et al., 1994; Pharaoh, 1999; Thybo, 2000; van Wees
et al., 2000). The area is often considered part of the Trans-European Suture Zone (TESZ; Berthelsen, 1992; Pharaoh, 1999).
Major, deep-seated faults (Fig. 2) controlled the subsidence and uplift of crustal blocks during several tectonic phases spanning
the Palaeozoic, Mesozoic, and locally the Cenozoic (Dadlez, 1993; Erlstrém et al., 1997; Krzywiec et al., 2003; Al Hseinat
and Hibscher, 2017). The most prominent tectonic features are the NW-SE-trending STZ and TTZ, which cross the southern
Baltic Sea north and south of Bornholm, respectively (Figs. 1, 2).

The STZ is a major lithospheric boundary separating the Danish Basin from the Baltic Shield (Fig. 1), marked by a pronounced
increase in lithospheric thickness from SW to NE (Babuska and Plomerova, 2004; Hansen et al., 2007) and a stepwise increase
in Moho depth from 30-32 km beneath the Danish Basin to 35-48 km under the Baltic Shield (e.g., Thybo, 2001; Cotte et al.,
2002). The TTZ is the longest tectonic and geophysical lineament in Europe, extending from the Baltic to the Black Sea (Fig.
1; Pharaoh, 1999). It delineates the transition from the thick crust of the EEC (Moho at 42—-49 km) to the thinner crust of the
Palaeozoic Platform (Moho at 31-38 km) (Guterch and Grad, 2006; Guterch et al., 2010; Mazur et al., 2021). This crustal step
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is associated with a SW-ward descent of the Precambrian basement by ~10-12 km beneath thick Palaeozoic—Mesozoic
sediments (Mazur et al., 2015, 2021; Grad and Polkowski, 2016; Mikotajczak et al., 2019). Lithospheric mantle thinning occurs
across a broader region between the TTZ and the margin of the Bohemian Massif (Shomali et al., 2006; Janutyte et al., 2015;
Knapmeyer-Endrun et al., 2017; Mazur et al., 2026).

Recent interpretations suggest the TTZ may represent a necking zone formed during the Ediacaran breakup of Rodinia and
related passive margin development along Baltica (Mazur et al., 2016a, 2021; Mikotajczak et al., 2019). Alternatively, early
Permian rifting may have contributed to crustal thinning (Mazur et al., 2021; J6zwiak et al., 2022), consistent with Berthelsen’s
(1998) interpretation of the TTZ as a Wernicke-style rift (Wernicke, 1985).

A crustal keel beneath the TTZ has been inferred in NW and central Poland through potential field modelling and PolandSPAN
seismic data (Mazur et al., 2015, 2016b). In central Poland, the TTZ is overlain by undisturbed lower Palaeozoic strata,
suggesting the keel is not of Caledonian origin. PolandSPAN™ profiles also show a smooth, westward-plunging basement
surface, inconsistent with a Phanerozoic suture (Mazur et al., 2015, 2016a). In the southern Baltic Sea, BABEL profile A
revealed a keel beneath the STZ (BABEL Working Group, 1991, 1993; Thybo et al., 1994), and similar deepening was
observed along TTZ'92/11 (Makris and Wang, 1994). These keels were attributed to Late Cretaceous—early Cenozoic inversion
tectonics (e.g., BABEL Working Group, 1993), with the keel beneath the STZ interpreted as a subversion zone—a deep-crustal
analogue to inversion structures. Another hypothesis attributes the crustal thickening to late Carboniferous—early Permian
underplating (Thybo, 2000). However, subsequent seismic studies (e.g., PQ2, BalTec WARR) did not image these keels
(Krawczyk et al., 2002; Janik et al., 2022), prompting renewed potential field modelling along PQ2 and reanalysis of BGR16-
212 (BalTec) profiles.

In the Ediacaran, a broad sandy shelf covered SW Scandinavia, with sandstones overlying Precambrian basement (Erlstrom et
al., 1997), and a <100 m thick sequence of middle Cambrian to Early Ordovician bituminous alum shales (the “O-horizon”;
Krawczyk et al., 2002). In the southwestern Baltic Sea, the north-vergent Caledonian deformation front thrusts Ordovician
sediments over the EEC basement and its cover (e.g., Berthelsen, 1992; Katzung et al., 1993; Dallmeyer et al., 1999). It bends
south-eastward toward the TTZ along a NW-SW trend (Fig. 1) and subcrops onshore in northern Poland (Dadlez et al., 1994).
In this area, Ordovician—Silurian rocks are tightly refolded (Modlinski and Podhalanska, 2010). A foreland basin developed in
front of the advancing orogen during the Late Ordovician—Silurian, onlapping the EEC slope and accumulating up to 5000 m
of siliciclastic sediments (Erlstrom et al., 1997; Poprawa et al., 1999; Mazur et al., 2018).

During the Devonian—Carboniferous, the region experienced widespread extension (Smit et al., 2018), and a system of half-
grabens formed due to reactivated Caledonian thrusts (Piske et al., 1994; Lassen et al., 2001; Krzywiec et al., 2022). Uplift
and erosion during the latest Carboniferous—early Permian left a widespread base-Permian unconformity, a key seismic marker
(Vejbaek, 1994). Subsequent Permian—Mesozoic sedimentation established a link between the Danish Basin and the Mid-Polish
Trough (MPT; Krawczyk et al., 2002; Maystrenko et al., 2008). This basin system was inverted during the Late Cretaceous—
early Paleogene, driven by far-field effects of Alpine convergence (EUGENO-S Working Group, 1988; Erlstrom et al., 1997;
Pan et al., 2022) and North Atlantic ridge push (Mogensen, 1994; Stephenson et al., 2020).
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Inversion structures in Poland focus along the NW-SE Mid-Polish Anticlinorium (MPA, Fig. 1), formed by inversion of the
MPT (Krzywiec, 2002), and extending offshore between the Koszalin and Adler—-Kamien Fault Zones, where it splits into the
Kamien and Kolobrzeg anticlines (Fig. 2). Farther north, the inversion axis bends NE into the Rgnne Graben and toward the
STZ (Fig. 2). The Rgnne Graben originated as a late Carboniferous—early Permian strike-slip basin, subsided during the
Mesozoic, and was later inverted (Liboriussen et al., 1987; Graversen, 2004). Farther northeast, inversion along the STZ
produced pop-up structures and crustal exhumation, with simultaneous subsidence in adjacent troughs (Pan et al., 2022).

Ponikowska et al. (2024) demonstrated that the southern Baltic Sea is underlain by thick continental crust associated with the
East European Craton (EEC), with Moho depths ranging between 38 and 42 km, gradually shallowing toward the southeast.
All observed deep seismic reflectors are interpreted as representing a reflective lower crust. Accordingly, reflectors previously
interpreted as sub-Moho structures are more likely to belong to the lower crust. These authors argue that present-day crustal
architecture has been primarily shaped by three major extensional phases: during the early Palaeozoic, the Devonian—
Carboniferous, and the Permian—Mesozoic. Each phase contributed to localized crustal thinning and the formation of
sedimentary basins. The only Phanerozoic compressional event that affected the entire crust in this region was the Late
Cretaceous to early Paleogene inversion, driven by far-field stresses associated with the Africa—Iberia continental collision.
This inversion was largely confined to an 80-90 km wide zone that reactivated pre-existing crustal weaknesses, including the
Vomb and Colonus Troughs north of Bornholm (Sorgenfrei—Tornquist Zone, STZ) and the Mid-Polish Trough (MPT) farther
south. Inversion structures comprise systems of thrusts and backthrusts that penetrate the full crustal thickness, forming a

crustal-scale pop-up structure.
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Figure 2. Geological map of the southern Baltic Sea without post-Paleocene sediments after Kramarska et al. (1999), Schluter et al.
(1997), and Sopher et al. (2016) and Pre-Quaternary map of Bornholm (Hansen and Poulsen, 1977). Position of main faults and
tectonic blocks are modified from Kramarska et al. (1999), Krzywiec et al. (2003), Jaworowski et al. (2010), Pokorski (2010), Seidel
et al. (2018) and Ponikowska et al. (2024). Permian-Triassic depocentres are outlined in red. Abbreviations: CDF, Caledonian
Deformation Front; CT, Colonus Trough; KA, Kamien Anticline; KOA, Kolobrzeg Anticline; MPA, Mid-Polish Anticlinorium;
STZ, Sorgenfrei-Tornquist Zone; VT, Vomb Trough; WEP, West European Platform.

3 Data

In this study, we interpret four offshore seismic reflection profiles acquired during the BalTec project (MSM52 expedition)
conducted by the German research vessel Maria S. Merian in 2016 (Hubscher et al., 2017). Three of the profiles—BGR16-
202, BGR16-259, and BGR16-257—are oriented NW-SE and run subparallel to each other. Profiles BGR16-257 and BGR16-
259 are located west of the island of Bornholm, while BGR16-202 lies to the east. The fourth profile, BGR16-256, trends SW—



175 NE and is positioned south of Bornholm, intersecting the NW-SE-oriented lines and providing important structural cross-links
within the study area.
Thanks to optimized acquisition parameters (Table 1), the seismic data offer high-resolution imaging of the subsurface down
to depths of approximately 10 km, enabling detailed interpretation of both sedimentary sequences and the underlying
crystalline basement. Given the prevalence of multiple reflections in the shallow waters of the Baltic Sea, a dedicated
180 demultiple processing workflow was applied to enhance data quality and produce final pre-stack time-migrated (PSTM)
sections (Nguyen et al., 2023).
To support our interpretation, we incorporated recently published results by Ponikowska et al. (2024), including reprocessed
data from profiles PQ2-004-005 and PQ2-002 of the DEKORP-BASIN’96 experiment (PQ2 dataset; DEKORP-BASIN
Research Group, 1998), which image the crust down to the Moho, as well as profile BGR16-212 (Ponikowska et al. 2024),
185 acquired during the MSM52 expedition (Fig. 1). Additional geological constraints were provided by well data from earlier
studies (Erlstrom et al., 1997; Sopher et al., 2016; Schluter et al., 1997) and from the Central Geological Database (2022),

maintained by the Polish Geological Institute.

Table 1. Acquisition parameters for the BalTec seismic survey (MSM52 expedition).

Survey name BalTec
General Recorded by The Federal Institute for Geosciences
and Natural Resources (BGR)
Party/Vessel RV Maria S. Merian
Positioning system | DigiCOURSE System 3
Date March, 2016
Seismic source Type Airgun
No. guns 8
Capacity 250 cu. in.
Shot interval 25m
Source tow depth | 3/6 m
Receivers Number of 216
channels
Channels interval 125 m
Cable tow depth 4m
Nearest offset 32.8 m
Furthest offset 2724.2 m
Record length 8500 ms
Recording Sample rate 1ms
system

190 Satellite-derived gravity and magnetic data for the southern Baltic Sea used in this study were obtained from Getech Group
plc (Getech Group plc, 2024) and provided in WGS 84 geographic coordinates. The original gravity dataset was gridded at a

spatial resolution of 0.02° (approximately 2 km). For the purposes of this study, a regional gravity grid was compiled (Fig.
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3a), combining offshore free-air gravity data with onshore Bouguer gravity anomalies. Bouguer corrections were applied using
a standard rock density of 2.67 g/cm3.
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Figure 3. Gravity and magnetic anomaly maps. Location of main faults and tectonic blocks (modified from Kramarska et al.
(1999), Krzywiec et al. (2003), Jaworowski et al. (2010), Pokorski (2010), Seidel et al. (2018) and Ponikowska et al. (2024)) overlaid
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on the Free Air gravity (a) and Reduced-to-Pole magnetic (b) anomaly maps. Position of the BGR16-256, BGR16-202, BGR16-259,
and BGR16-257 profiles and boreholes are indicated.

The offshore magnetic dataset consists of marine Total Magnetic Intensity (TMI) measurements derived from Getech’s Baltic
Sea compilation (Fletcher et al., 2011). These data were gridded at a resolution of 0.01° (~1 km) and referenced to a uniform
elevation of 1 km above sea level. To enhance the interpretability of the magnetic anomalies, a reduction-to-the-pole (RTP)
transformation was applied (Fig. 3b). This process reorients the magnetic field vector to vertical, effectively positioning

magnetic anomalies directly above their sources and simplifying geological interpretation (MacLeod et al., 1993).

4  Methods

This study applies an integrated workflow that combines seismic, gravity, and magnetic data to resolve the crustal structure of
the southern Baltic Sea. The seismic profiles image the sedimentary cover and the top of the crystalline basement, whereas the
potential-field modelling constrains the top of the lower crust and the Moho. The seismic interpretations are first used to build

2-D/2.5-D forward models, which then provide key constraints for the subsequent regional gravity inversion.

4.1. 2-D/2.5-D forward modelling

Gravity and magnetic forward modelling is a technique used to simulate the potential field responses generated by a defined
or hypothesized geological model. To ensure the reliability of the results, the computed anomalies are compared with observed
data, allowing iterative adjustments to refine the model. Final interpretations are based on achieving a close match between
calculated and observed gravity and magnetic responses while maintaining consistency with plausible geological structures.
In this study, four 2-D/2.5-D forward models were constructed using the XField modelling package (ARK CLS Ltd., 2024), a
plug-in for the OpendTect platform. XField applies the method developed by Talwani et al. (1959) to calculate gravity and
magnetic anomalies based on assigned distributions of density and magnetic susceptibility. The modelling was conducted
within a 3-D domain previously established in OpendTect, which included SEG-Y seismic data, interpreted seismic horizons,
and well information.

Models were generated along the seismic profiles and matched to gridded gravity and magnetic data sampled along the
respective profile lines. XField enables interpreters to convert seismic horizons into geological bodies represented as polygons,
each of which can be assigned physical properties such as average density, interval velocity, and magnetic susceptibility.
Density values for the sedimentary layers (Table 2) were derived from borehole data located along or near the seismic profiles.
For the crystalline crust, densities were calculated from seismic velocities using the Nafe-Drake empirical relationship (Ludwig
et al., 1970; Brocher, 2005). Seismic velocities were primarily adopted from the BalTec refraction profile (Janik et al., 2022),
which coincides with the BGR16-212 seismic reflection line. For the seismic reflection profiles, interval velocities

corresponding to the relevant model units were used in the calculations. Initial magnetic susceptibility values for the basement

10



were taken from earlier modelling studies (Ponikowska et al., 2024; Janik et al., 2022; Mazur et al., 2016b; Petecki, 2002; see

Table 2).
230
Table 2. Key for Density and Susceptibility Values Used in the Modeling of BalTec Profiles.
Blocks Density (g/cm®) | Susceptibility (SI)

Baltic Sea 1.03 0

Cenozoic 2.03 0

Cretaceous 2.0-2.40 0

Jurassic 2.15 2.40 0

Triassic 2.3-252 0

Upper Permian 24-2.6 0

Lower Permian 2.36 - 2.67 0

Carboniferous 25-2.64 0

Devonian undivided 2.66 0

Silurian 2.55-2.62 0

Ordovician 2.62 -2.66 0

Lower Palaeozoic folded 2.66 - 2.68 0

Cambrian (and Ediacaran) 2.44 - 2.66 0

Upper mantle 3.30 0
BGR16-256

Upper/Middle crust 2.76-2.81 0.015 - 0.067

Lower crust 2.90-2.95 0
BGR16-202

Upper/Middle crust 2.80 0.041 - 0.09

Lower crust 2.90-2.97 0
BGR16-259

Upper/Middle crust 2.80 0.015 - 0.095

Lower crust 2.90-2.97 0
BGR16-257

Upper/Middle crust 2.80 0.018 - 0.045

Lower crust 2.93-2.97 0

During modelling, the geometries of seismic horizons within the sedimentary cover—including the top of the basement—were
kept unchanged. The key deeper-crustal interfaces considered were the top of the lower crust and the Moho. Because detailed
235 constraints on lateral and vertical density variations are lacking, broad sedimentary and basement units were assigned
simplified average density values. In contrast, magnetic susceptibility was treated with greater specificity: the basement was
subdivided into blocks with subvertical boundaries to capture lateral heterogeneity. Magnetic data were given primary
importance in constraining the geometry of the top of the lower crust. Both the Moho and the top of the lower crust were
further constrained using intersections with deep seismic reflection profiles PQ2-002 and PQ2-004-005 (Ponikowska et al.,
11
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2024) and the BalTec refraction profile coincident with BGR16-212 (Janik et al., 2022). Our approach generally followed a
“minimum-change” strategy, whereby modifications to the starting model were kept as limited as possible.

Modelling potential fields in 2-D or 2.5-D inherently involves certain limitations. Traditional 2-D modelling assumes
homogeneity in the direction perpendicular to the cross-section, which oversimplifies the true geometry and spatial variation
of physical rock properties. Additionally, potential field responses observed along a 2-D profile can be influenced by geological
features located outside the plane of section, potentially leading to misinterpretation — especially in geologically complex
regions. To address these challenges, 2.5-D modelling is employed. By allowing the model to have some length in the direction
perpendicular to the 2-D profile, it provides a more realistic representation of geology compared to the infinite-extent
assumption of a pure 2-D model. While maintaining a 2-D cross-sectional framework, this approach accounts for off-profile
effects and the three-dimensional nature of gravity and magnetic field propagation.

A fundamental limitation of potential field modelling is its non-uniqueness: different configurations of model geometry,
density, and magnetic susceptibility can produce similar anomaly patterns in terms of amplitude and wavelength. To constrain
this ambiguity, the models in this study were constructed using interpreted seismic reflection horizons, which provide reliable
structural control down to the basement. These were further integrated with borehole data and findings from previous studies
(Janik et al., 2022; Ponikowska et al., 2024), enabling the development of models that more accurately represent the subsurface

and reduce interpretational uncertainty typically associated with gravity and magnetic data.

4.2. Depth-to basement and depth-to-Moho modelling

Three-dimensional gravity inversions were conducted using a modified version of the iterative technique originally developed
by Cordell and Henderson (1968). In this approach, the subsurface is represented by a grid of vertical rectangular prisms, and
their gravitational effect is calculated at the surface. The inversion process iteratively adjusts the model by minimizing the
misfit between the observed and calculated gravity anomalies.

All data processing and interpretation were carried out using the Oasis montaj software suite (Seequent, 2024). This platform
supports variable density distributions, both laterally and vertically, across modelled geological interfaces. The density contrast
across the Moho was set to an average value of 0.4 g/cm3, based on regional seismic refraction studies (Makris and Wang,
1994; Bleibinhaus et al., 1999; Janik et al., 2022). The initial depth-to-Moho model was constructed by combining Moho
depths interpreted from this study’s gravity and magnetic models with additional constraints from seismic profiles PQ2-002,
PQ2-004-005, BGR16-212 (Janik et al., 2022; Ponikowska et al., 2024), PolandSPAN PL1-5600 (Mazur et al., 2016b) and
BASIN9601 (Mazur et al., 2026). This starting model was forward-calculated to produce a theoretical gravity response grid.
The resulting grid was subtracted from the observed Bouguer gravity field to isolate the residual anomaly, which was then
inverted to refine the Moho interface. Throughout the inversion process, seismic constraints were retained to guide and validate
the resulting Moho depth model.

A separate depth-to-basement model was developed based on crystalline basement depth estimates derived from seismic

profiles and borehole data. This initial model was forward-calculated to generate a gravity response grid, assuming an average
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density contrast of 0.2 g/cm? between the basement and the directly overlying sedimentary cover. The resulting synthetic
gravity field was subtracted from the observed Bouguer gravity data to isolate the residual anomaly attributed to basement
structure. To further enhance the sensitivity of the gravity data to basement morphology, long-wavelength anomalies associated
with crustal thickness variations were removed using a minimum curvature adjustment. This correction was based on the
previously derived Moho depth map and incorporated a topographic grid with a spatial resolution of 2 km. The resulting
residual anomaly was subsequently inverted to derive the depth-to-basement interface.

Crustal thickness was subsequently calculated by subtracting the depth-to-basement model from the Moho depth grid.

The newly derived grids of top of crystalline basement, Moho depth and crustal thickness are available as text files in the

Supplementary Information 2, 3 and 4 respectively.

5 Results and interpretation

This section begins with the interpretation of four seismic reflection profiles crossing the southern Baltic Sea (Fig. 2), which
provide key insights into the crustal structure and form the basis for further geophysical analysis. Based on these
interpretations, we present 2-D gravity and magnetic forward models designed to constrain the geometry of deep crustal
horizons that extend below the depth of seismic imaging. The section concludes with the presentation of depth-to-basement
and depth-to-Moho maps, offering a broader regional view of the crustal architecture in the study area. Uninterpreted seismic

data are shown for reference in the Supplementary Information (Figs. S1-4).

5.1. Seismic interpretation of profile BGR16-256

The BGR16-256 seismic profile extends for 142 km in a NE-SW direction and is situated near the PQ2-002 profile (Fig. 2),
whose updated interpretation was recently published by Ponikowska et al. (2024). Seismic imaging along this line reaches
depths of up to 10 km, with the uppermost 6 km displayed in Figure 4. The interpretation of seismic horizons in the sedimentary
succession is calibrated using data from the K5 1/88 borehole, located at the southwestern end of the profile (Fig. 2 and 4).
The top of the crystalline basement is well defined across most of the profile, appearing as a package of coherent, high-
amplitude reflectors.

In the southwestern segment of the profile, over the first 20 km, the top basement lies at depths of 4.5-5.5 km. It is overlain
by undulating strata of lower Palaeozoic age (primarily Ordovician), consistent with the K5 1/88 well. These units form part
of the Caledonian fold-and-thrust belt. Within the sedimentary cover, the pre-Triassic horizons are downwardly deflected,
while the Triassic and younger strata exhibit an upward flexure — both features typical of tectonic inversion during the Late
Cretaceous.

Permian to Mesozoic strata are present along the first 35 km of the profile, extending down to a maximum depth of 4 km.
These successions are bounded to the northeast by the Koszalin Fault (Figs. 2 and 3) and exhibit progressive thinning along
profile: from approximately 4 km at the SW end, to 2.2 km at the Trzebiatéw Fault, and just 1.5 km at the Koszalin Fault. The
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Trzebiatdw and Koszalin faults are normal faults that were later inverted during Late Cretaceous—Paleocene compression. The
basement is uplifted by about 1.5 km at the Trzebiatéw Fault, rising from 4.5 km to 3 km. Beyond this, towards the northeast,
the basement rises again to around 1.8 km at the Koszalin Fault.

Between 35 and 70 km along the profile, Permian—Mesozoic rocks are absent, and Cretaceous units rest directly upon Silurian
strata, as confirmed by intersections with adjacent seismic profiles (Fig. 4). Here, an asymmetrical marginal trough of Late
Cretaceous age is developed, reaching depths of nearly 1 km. The asymmetry of the basin and the downwarping of the
Cretaceous strata suggest a NE-directed polarity of inversion.

From 70 to 85 km, the basement approaches the surface, covered only by a thin Silurian layer a few hundred metres thick or,
in places, solely by Quaternary sediments. This segment corresponds to the uplifted Bornholm Block, which was elevated
during Late Cretaceous inversion. Further northeast, another markedly asymmetrical marginal trough is present, infilled with
Upper Cretaceous formations reaching up to 1 km in thickness. The basement surface rises steeply in this area, ultimately
cropping out at the base of Quaternary within the Christiansg Block.

At its northeastern end, the Christiansg Block is abruptly downthrown by a major fault interpreted as the NW continuation of
the Ustka Fault Zone (Fig. 2). This structure offsets the basement by approximately 1.5 km, forming a third marginal trough
that is also filled with about 1.5 km of Upper Cretaceous sediments. This third syn-inversion basin extends to the northeastern
end of the BGR16-256 profile, with the basement shallowing again from 1.5 km to around 0.5 km.

In summary, the BGR16-256 profile captures the transition from the Mid-Polish Anticlinorium, occupying the southwestern
35 km of the line, to a structurally elevated basement zone farther northeast. Within this uplifted zone, three marginal troughs
associated with Late Cretaceous inversion are developed. These basins, filled with syn-inversion Upper Cretaceous sediments,

alternate with two prominent basement highs formed during the same tectonic episode.
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5.2. Seismic interpretation of profile BGR16-202

The BGR16-202 seismic profile extends for 156 km in a NW-SE direction and is situated approximately 70 km east of
Bornholm, within the East European Precambrian Platform. The interpretation of seismic horizons is calibrated using data
from the A23 1/88 borehole, which reached crystalline basement (Figs. 2 and 5a). Figure 5a presents the uppermost 6 km of
the profile. The crystalline basement is clearly imaged along the profile, appearing as discontinuous packages of high-
amplitude, high-energy reflectors.

In the northwestern segment of the profile, over the first 30 km, the top of the basement lies at shallow depths and is overlain
by a thin succession of Cretaceous and Cenozoic sediments, with a combined thickness of only 200—300 m. At approximately
30 km along the profile, a major fault offsets the basement surface by about 1.3 km, lowering it to a depth of roughly 1.5 km.
This significant structure, likely of Late Cretaceous or older origin, is not recorded on existing geological maps, highlighting
the value of seismic data in revealing previously unrecognized tectonic features.

Southeast of this fault, over the next 120 km, the top basement initially remains relatively flat, then gradually dips towards the
SE, reaching a depth of approximately 2.5 km near the southeastern end of the profile. The overlying Cambrian and Ordovician
strata maintain a nearly constant thickness along this segment. In contrast, the Silurian sequence thickens progressively from
around 800 m to over 2.2 km, suggesting differential subsidence during Silurian times or post-Silurian uplift and deep erosion.
The Silurian layers lie parallel to the tilted basement, indicating post-depositional rotation prior to Late Cretaceous

deformation, as marked by an unconformity at the Silurian top. Due to limitations in seismic resolution and the lack of direct
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stratigraphic constraints, the precise age of the structures controlling the basement geometry cannot be firmly established.
However, the faulting and basement tilting are likely Silurian or younger, but certainly pre-Cenozoic in age.

The Upper Cretaceous deposits are relatively thin throughout the profile, not exceeding 200 m, and do not form significant
depocentres. This suggests that the effects of Late Cretaceous tectonic inversion in this sector of the southern Baltic Sea were
minimal, especially in comparison to the strongly inverted zones farther west.

Towards the southeastern end of the profile, at around 150 km, another fault is observed, uplifting the southeastern block by
several hundred metres. This fault terminates at the base of the Cretaceous succession, indicating that its activity postdates the
Silurian but predates the deposition of the Upper Cretaceous.

In summary, the BGR16-202 profile illustrates a relatively stable sector of the Baltic Sea crust, underlain by Precambrian
basement and variably covered by Palaeozoic and thin post-Palaeozoic strata. The profile reveals moderate faulting and gentle

tilting of the basement surface, largely unrelated to the intense Late Cretaceous inversion processes that shaped adjacent areas.

5.3 Seismic interpretation of profile BGR16-259

The BGR16-259 seismic profile extends for 135 km in a NE—SE direction (Fig. 2) immediately west of Bornholm. It traverses
the Rgnne Graben and runs subparallel to the TTZ, lying roughly 15 km northeast of its mapped trace. Seismic horizons within

the sedimentary cover are correlated with the Pernille borehole (Figs. 2 and 5b), providing key stratigraphic control.
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The top of the crystalline basement is imaged as coherent packages of high-amplitude reflectors, though it is strongly offset
and segmented by multiple faults along the profile—clear evidence of tectonic inversion and differential basement uplift. In
the northwestern portion of the profile, over the first 38 km corresponding to the Rgnne Graben, the basement surface lies at
depths of 3.0-3.5 km (Fig. 5b). Here, the Permian—Mesozoic succession reaches 2.5-3.0 km in thickness, while older
Palaeozoic strata (pre-Permian) are limited to 0.5-1.0 km. The Upper Cretaceous sequence attains its maximum thickness in
this area, exceeding 1 km, but thins progressively towards the southeast.

At approximately 38 km along the profile, a major fault separates the Rgnne Graben from the Arnager Block. Across this fault,
the basement is uplifted by about 2 km due to tectonic inversion, and it is overlain only by Upper Cretaceous deposits. Another
inversion-related structure occurs between 50 and 65 km, where a narrow tectonic depression is observed, interpreted as a
fault-bounded graben filled predominantly with Silurian deposits, which attain a maximum thickness of over 1.5 km. This
Silurian succession is overlain, across an erosional unconformity, by reduced thicknesses of Triassic and Jurassic strata,
indicating either non-deposition or erosion of the intervening Devonian and Carboniferous units.

A prominent fault at around 67 km marks the boundary of the Dartowo Block. Across this structure, the basement is uplifted
again by more than 1.5 km towards the southeast. Beyond this point, the basement rapidly subsides, reaching a maximum
depth of approximately 5.5 km at the southeastern end of the profile. Throughout this segment, the Cambrian and Silurian
strata overlying the basement remain relatively constant in thickness, although the Silurian shows a steady increase in
thickness, reaching up to 4 km. Meanwhile, the Upper Cretaceous maintains a nearly uniform thickness of about 1.0 km from
70 km to the end of the profile (Fig. 5b). Silurian strata initially follow the tilted basement but exhibit internal unconformities
in their upper sections, suggesting syn-sedimentary deformation.

In summary, the BGR16-259 profile reveals a complex structural architecture shaped by multiple tectonic events. It records
evidence of Permian—Mesozoic extension and subsidence, overprinted by Late Cretaceous inversion. The significant variation
in Silurian thickness and the irregular basement topography may reflect differential subsidence during the Silurian, or
alternatively, later Palaeozoic uplift and erosion. In the latter scenario, the presence of Triassic deposits directly overlying an
eroded Silurian surface would indicate that uplift and erosion must have occurred prior to Triassic sedimentation, most likely

during the late Palaeozoic.

5.5. Seismic interpretation of profile BGR16-257

The BGR16-257 seismic profile, 65 km in length, runs in a NE—SE direction across the western segment of the Mid-Polish
Trough (Fig. 2). Figure 5c displays the entire seismic imaging range, extending to a depth of 10 km. Seismic horizons within
the lower Palaeozoic succession are constrained by data from the L2 1/87 borehole (Figs. 2 and 5c), which provides key
stratigraphic control for the interpretation. The region imaged by the profile experienced intense tectonic inversion during the

Late Cretaceous (Ponikowska et al., 2024), when the eastern branch of the Mid-Polish Trough was uplifted and transformed

18



395

400

405

410

415

420

425

into the Kotobrzeg Anticline. This structure is characterised by Triassic rocks forming its core (Fig. 2), and as a result, much
of the BGR16-257 profile displays Triassic strata directly underlying the Cenozoic.

Notably, BGR16-257 is the only one among the four seismic profiles that lies entirely to the west of the Caledonian
Deformation Front (Fig. 2). Consequently, it captures a substantial thickness — up to 4 km — of folded lower Palaeozoic
sediments belonging to the Caledonian fold-and-thrust belt. At the same time, it is the only profile situated completely
southwest of the Koszalin Fault (Fig. 2), a major tectonic boundary that marks the eastern limit of Upper Palaeozoic deposition
in this region of the southern Baltic Sea (Nguyen et al., 2024). Within this structural setting, Devonian and Carboniferous
strata attain considerable thicknesses of 1.5 to 2.0 km. The overlying Permian—Mesozoic succession ranges in thickness from
2.0to 3.0 km.

The top of the crystalline basement forms a pronounced central depression, reaching a maximum depth of ~9.5 km, as
confirmed by its intersection with profile BGR16-212. The basement rises towards both ends of the profile, but the geometry
is asymmetrical: in the northwest, the basement ascends steeply to a depth of 4 km, while in the southeast, the slope is gentler,
with the basement reaching a depth of about 7 km near the end of the profile.

The BGR16-257 profile captures the cumulative effects of multiple tectonic phases, most prominently the Permian—Mesozoic
extensional regime and the Late Cretaceous inversion. The imprint of late Palaeozoic extension and subsidence is also evident,
particularly in the thick accumulation of Devonian and Carboniferous sediments. Additionally, the lower Palaeozoic strata
reflect the earlier Caledonian tectonic evolution associated with the Caledonian orogeny. However, the complex morphology
of the basement surface cannot be fully explained by these Phanerozoic tectonic episodes alone. The pronounced basement
relief, especially the central depression, may partially reflect deeper, inherited structures of Precambrian origin within the East
European Craton. This suggests that pre-Palaeozoic tectonic inheritance may have exerted a significant influence on the later

structural development of this region.

5.6. 2-D gravity and magnetic model for profile BGR16-256

The geometry of the model bodies is constrained by seismic horizons and fault structures interpreted from the seismic profile
(Fig. 4). The density and susceptibility values employed in the modelling are provided in Table 2, with crystalline crust
properties additionally illustrated in Figure 6d. To minimize model ambiguity, density values within individual lithological
units were constrained to a relatively narrow range. This approach helped to reduce overall complexity of the final model.

The observed gravity profile is smooth as we used free-air gravity data derived from satellite altimetry. A characteristic feature
of this acquisition method is the absence of the short-wavelength frequency band, and this effect is further enhanced by
gridding at a 0.02° resolution. Therefore, the shortest-wavelength anomalies among those observed in the gravity profile. are
linked mostly to changes in crystalline basement depth and geometry. The synthetic gravity response closely matches the
observed data, with a Root-Mean-Square (RMS) error of 7.08 mGal (Fig. 6a). A broad negative anomaly is visible in the

southern part of the profile, and it corresponds to a basement in the first 20 km of the profile and thick accumulation of low-
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density Permian and Mesozoic sediments. The Kotobrzeg Anticline (Fig. 2), which is inversion-related structure developed
within sedimentary cover is marked by subtle positive gravity anomaly, successfully reproduced by the model. The relationship
between the gravity anomalies and the top basement is clearly visible at c. 80 km and 100 km of the profile where basement
uplifts generate two regional gravity highs.

The magnetic model along profile BGR16-256 shows an acceptable fit to the observed data, with an RMS error of 41.29 nT
(Fig. 6b). The lower crust is non-magnetic, while the magnetic upper/middle crust was subdivided into several blocks with
variable susceptibility ranging from 0.015 to 0.067 SI. This approach significantly reduces the misfit between modelled and
observed data.

The overall crustal architecture along BGR16-256 is consistent with the results obtained along the PQ2-002 profile in a
previous study by Ponikowska et al. (2024) (Fig. 1). Both profiles are located in proximity and image a thick crust, with Moho
depths ranging from 38 in the SW to 41 km in the NNE. However, in contrast to PQ2-002, where crustal-scale thick-skinned
reverse faults and pop-up structures were interpreted based on deep seismic reflection data, the seismic imaging available
along BGR16-256 does not extend sufficiently deep to resolve comparable fault structures. Consequently, the absence of
crustal-scale faults in this model should not be interpreted as their geological absence but rather reflects the limitations imposed

by the seismic data used.
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5.7. 2-D gravity and magnetic model for profile BGR16-202

The geometry of the geological model down to the top of the crystalline basement was constrained using interpreted seismic
horizons from profile BGR16-202 (Fig. 5a), in combination with borehole data from well A23 1/88. The physical parameters
used in the forward modelling, including density and magnetic susceptibility values, are summarised in Table 2. Additional
details on the properties of the crystalline crust are illustrated in Figure 7d. The depths to the Moho and the lower crust were
constrained through intersection with the BalTec and BGR16-212 seismic refraction and reflection profiles, respectively (Janik
et a., 2022; Ponikowska et al., 2024). The geometry of the Moho for the profile BGR16-202 is also guided by previously
interpreted Moho depths published by Maystryenko and Scheck-Wenderoth (2013).

The gravity response of the model shows a good overall match with the observed data, yielding a root-mean-square (RMS)
misfit of 4.13 mGal (Fig. 7a). The long-wavelength component of the gravity field is primarily influenced by regional
variations in crustal thickness and Moho geometry. In contrast, short-wavelength gravity anomalies are controlled by the depth
and shape of the crystalline basement. These shorter-wavelength signals are more difficult to reproduce in the model because
of limited resolution, the complexity of the basement structure, and the influence of 3-D effects and lateral density variations
in the upper crust and sedimentary cover. A prominent misfit at approximately 35 km along the profile corresponds to a
significant step in the basement, whose vertical geometry is poorly resolved by satellite-derived gravity grids. Additional
misfits between 50-70 km and 135-145 km are more likely related to upper-crustal density variations not accounted for in the
model, as well as the model’s orientation, which is nearly parallel to the strike of the gravity anomalies (Fig. 3a). This along-
strike configuration may introduce significant 3-D effects.

The magnetic anomaly model also provides a satisfactory fit to the observed data, with an RMS misfit of 28.24 nT (Fig. 7b).
The upper and middle crust were subdivided into vertically oriented blocks with laterally variable susceptibilities to replicate
observed magnetic variations. This approach effectively accounts for structural heterogeneities and lithological changes,
though local discrepancies remain that may indicate unmodelled remanent magnetisation or deeper magnetic sources.
Structurally, the Moho along this profile is relatively flat, lying at approximately 39 km depth in the southeastern part and
gently deepening to about 42 km in the northwest (Fig. 7d). This configuration supports the interpretation that the crust in this
segment of the East European Platform is stable and largely unaffected by significant thick-skinned inversion tectonics. This
contrasts with more deformed profiles, such as PQ2-002 and PQ2-004/005, which cross the Sorgenfrei—Tornquist Zone and
the Teisseyre—Tornquist Zone respectively, where the crustal structure exhibits greater tectonic complexity and modification
(Ponikowska et al., 2024).
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Figure 7. Two-dimensional gravity and magnetic model for the BGR16-202 profile. (a, b) Gravity and magnetic data, respectively.
Blue, dotted lines — observed and red, solid lines — modelled. Grey dashed line shows the magnitude of error. (c) Vertically
exaggerated (4.2:1) upper part of the geological model. (d) Full geological model at the scale 1:1. Numbers indicate densities (D) in
g/cm3 and susceptibilities (S) in SI convention. Thin grey lines show the boundaries of blocks that differ only in magnetic
susceptibility within upper/middle crust and density in the lower crust. Blue, dashed lines show intersection with the regional
Moho model by Maystrenko & Scheck-Wenderoth, 2013.

5.8. 2-D gravity and magnetic model for profile BGR16-259

The crustal model along profile BGR16-259 was constructed using the same methodology as applied to the two preceding
profiles. An overview of the density and magnetic susceptibility values used in the modelling is provided in Table 2 and

illustrated in Figure 8d. The calculated gravity response of the model shows a good agreement with the observed gravity data,
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yielding a root-mean-square (RMS) misfit of 5.63 mGal (Fig. 8a). The model accurately reproduces the prominent gravity high
associated with the uplifted Arnager Block, where the crystalline basement is structurally elevated between 40 and 60 km
along the profile.

As in the previous models, several short-wavelength anomalies in the synthetic gravity response — primarily resulting from the
detailed basement geometry — do not correspond closely with the observed data. For example, the observed gravity shows a
low between 0 and 35 km along the profile, whereas the synthetic response indicates a mass excess from 0 to 20 km and a
mass deficit from 20 to 35 km. Another mismatch appears near the 65 km mark, where the synthetic response suggests a
basement uplift that is not evident in the observed gravity data, possibly reflecting an over-smoothed satellite gravity signal in
this part of the profile.

The magnetic forward model also yields a satisfactory fit to the observed magnetic anomaly, with an RMS error of 58.76 nT
(Fig. 8b). The modelled magnetic field is consistent with the interpreted lithological variations and block architecture in the
upper crust, although some discrepancies in amplitude and wavelength suggest additional heterogeneity or remanent
magnetisation effects not fully accounted for in the model.

Structurally, the crust thickens toward the northwest, as evidenced by a progressive deepening of the Moho from approximately
38 km in the southeastern part of the profile to around 42 km in the northwest (Fig. 8d). This trend, combined with the south-
eastward-dipping basement, reflects a regional-scale crustal gradient.
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510 Moho model by Maystrenko & Scheck-Wenderoth, 2013.

5.9. 2-D gravity and magnetic model for profile BGR16-257
The BGR16-257 gravity and magnetic 2-D forward model offers a refined view of the crustal structure beneath the western
segment of the Mid-Polish Trough. As with previous modelling efforts, the geometry of the geological model is primarily

constrained by seismic interpretation (Fig. 5¢), further supported by borehole data from the L2 1/87 well and crustal thickness
515 information derived from adjacent models, including BGR16-256, PQ2-002, and BGR16-212 (Ponikowska et al., 2024).
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The observed gravity field along the profile is characterised by a broad and relatively flat positive anomaly that extends across
much of its length, interrupted only by a distinct gravity low within the first 10 km of the northwestern section. The forward
model reproduces the free-air gravity data with good accuracy, yielding a root-mean-square (RMS) misfit of 8.25 mGal (Fig.
9a). In contrast to earlier profiles, the correlation between gravity anomalies and basement topography is less distinct. Instead,
the gravity signal appears to be more significantly controlled by variations in the configuration and density of the lower crust
and the geometry of the Moho.

The magnetic anomaly is dominated by a broad, positive feature centred over the main basement depression in the middle part
of the profile. To match the observed magnetic response, the upper crust was subdivided into several sub-vertical blocks with
variable magnetic susceptibilities ranging between 0.018 and 0.045 SI. The modelled magnetic field shows an inverse
relationship with basement depth, suggesting that highly deformed lower Palaeozoic sedimentary rocks within the depression
may exhibit elevated magnetic susceptibilities. This interpretation is consistent with a structural setting involving significant
deformation and, possibly, very low-grade metamorphic overprinting.

The Moho depth in the model varies from approximately 35 km in the southeast to about 42 km in the northwest, with the
deepest part corresponding to the location of the gravity low. This crustal thickening toward the northwest may reflect a
transition from the extended crust of the Mid-Polish Trough to the more stable crustal domain associated with the Baltica

margin.
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Moho model by Maystrenko & Scheck-Wenderoth, 2013.

5.10. Depth to basement study
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The quality of the inversion was assessed using the root-mean-square (RMS) deviation. In our model, the RMS error for the
fitted basement surface does not exceed 300 m, indicating a satisfactory level of accuracy. The depth-to-basement map reveals
the superposition of two distinct structural trends that shape the deep crustal architecture of the southern Baltic Sea region
(Fig. 10). The first trend, oriented NW-SE, is parallel to the TTZ and STZ. This alignment also corresponds to the orientation
of several major fault zones in the area, including the Wiek, Skurup, Adler-Kamien, Trzebiatéw, Koszalin, Ustka, Christiansg,
and Leba faults (Figs. 2, 10). Within this NW-SE framework, the basement topography clearly delineates key features such as
the Rgnne Graben, located west of Bornholm, and a pronounced basement depression at the northwestern termination of the
Mid-Polish Trough. In this zone, the top of the crystalline basement descends to depths of approximately 10-11 km.
Superimposed on this pattern is a second, ENE-WSW-oriented structural trend, which extends across the entire study area and
reaches as far west as the island of Rlgen (Fig. 10). This trend manifests most clearly as a prominent basement slope southeast
of Bornholm, forming a broad ramp structure. The axis of this ramp roughly follows the alignment of the Binz 1/73, A8-1/83,
and B16-1/85 boreholes. The northwestern side of the ramp is elevated, while the southeastern side is depressed by about 1.5
km. This differential elevation results in the shallowest basement levels occurring in the northeastern part of the study area,
beyond the Rgnne Graben and the STZ.

The elevated segment of the basement encompasses the Arnager Block, Bornholm Block, Christiansg Block, and adjacent
areas to the east (Figs. 2, 10). The most striking manifestation of this uplift is the exposure of crystalline basement above sea
level on the islands of Bornholm and Christiansg (Ertholmene Archipelago). Structurally, the ENE-WSW-trending basement
ramp forms the northwestern margin of the Mid-Polish Trough and represents a tectonic boundary that delimits this major
depocentre. In contrast, the Rgnne Graben — much shallower than the Mid-Polish Trough — follows a similar ENE-WSW
orientation but is offset to the north.

Interestingly, the basement ramp weakly corresponds to a pattern in the Free Air gravity anomaly data (Fig. 3a). This effect is
attributed to the dominance of younger structural features in the gravity field, primarily shaped by Late Cretaceous inversion
tectonics. In several parts of the study area, gravity highs correspond well with subcrops of Triassic and Jurassic strata uplifted
within the cores of inversion-related anticlines, as well as with basement highs located in the hanging walls of inversion-related
faults. In contrast, the ENE-WSW basement trend is clearly expressed in the distribution of magnetic anomalies (Fig. 3b).
Notably, an inverse correlation is observed: the depressed southeastern flank of the ramp coincides with a pronounced positive
magnetic anomaly, whereas the elevated northwestern side exhibits a more heterogeneous but generally weaker magnetic
response (Figs. 3b, 10).

This pattern is closely linked to the lithological composition of the Precambrian basement (Fig. 11). The positive magnetic
anomaly is associated with subcropping granitoids — predominantly granites, granodiorites, and quartz monzonites — on the
depressed side of the ramp. In contrast, the elevated side is underlain by supracrustal rocks that typically produce lower and
more variable magnetic signals. Hence, the ENE-WSW structural trend is not only evident in the morphology of the basement

surface but is also mirrored in the magnetic anomaly field and the distribution of subcropping Precambrian lithologies.
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However, the continuity of the ENE-WSW-trending magnetic anomaly terminates near the Mid-Polish Trough. This is most
575 likely due to attenuation of the magnetic signal by the overlying sedimentary succession, which reaches thicknesses of up to

10 km, effectively masking the magnetic expression of the basement beneath.
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Figure 10. Depth-to-basement map with key structural elements overlaid. Position of the interpreted seismic lines and wells
penetrating basement are indicated. Main faults and tectonic blocks are modified from Kramarska et al. (1999), Krzywiec et al.

580 (2003), Jaworowski et al. (2010), Pokorski (2010), Seidel et al. (2018) and Ponikowska et al. (2024). Locations of the Sorgenfrei-
and Teisseyre-Tornquist Zones are shown after Ponikowska et al. (2024).
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Krzeminska et al., 2017).
585

5.11. Crustal thickness patterns and structural trends in the Moho topography
The quality of the inversion was assessed using the root-mean-square (RMS) deviation. The RMS error for the fitted Moho
discontinuity does not exceed 500 m, indicating a satisfactory level of accuracy at the regional scale. Similar to the morphology

of the top of the crystalline basement, the depth-to-Moho map reveals two dominant structural trends that shape the crustal
590 architecture of the study area (Fig. 12). The first trend follows a NW-SE orientation and runs parallel to the TTZ and STZ.
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This trend is marked by two contrasting Moho features: a localised Moho depression west of Bornholm, and a Moho uplift
beneath the north-western termination of the Mid-Polish Trough (Fig. 12). When compared with the basement configuration
(Fig. 10), the crustal architecture at the north-western end of the Mid-Polish Trough is characteristic of a typical extensional
basin — featuring a subsided crystalline basement and a correspondingly uplifted Moho. In contrast, the area west of Bornholm
displays a different configuration, where both the basement and the Moho are depressed. This suggests that the crustal
deformation in that region was governed by a more complex mechanism than simple extension, potentially involving crustal
loading, lower crustal flow, tectonic inversion or inherited lithospheric structures.

The second structural trend is oriented ENE-WSW and manifests as a pronounced transition zone in Moho depth (Fig. 12).
This zone spatially coincides with a ramp in the crystalline basement surface and marks a first-order change in crustal structure.
South-east of this boundary, the Moho lies 2-3 km shallower than to the north-west. Interestingly, the same part of the region
that exhibits the deepest Moho also corresponds to the shallowest position of the basement top (Fig. 10), notably in the area
east of the STZ and northwest of the Moho step trending ENE-ESE. Additionally, a shallower Moho is observed beneath the
Skurup Block, which forms the northwestern continuation of the Mid-Polish Trough (Fig. 12).

These structural relationships are most clearly expressed in the crustal thickness map (Fig. 13), which highlights a domain of
significantly thickened crust located east of the STZ and northwest of the stepwise transitions in both basement and Moho
depths. In contrast, the thinnest crust occurs beneath the northwestern termination of the Mid-Polish Trough. The difference
in crustal thickness between the area west of Bornholm and the axial zone of the trough reaches approximately 15 km (Fig.

13), reflecting substantial lateral variations in the crustal structure of the region.

31



14°E 16°E

Depth to
Moho
(km)

-34.5
-36.1
-37.3
T -38.7
-39.2

-39.5

Teisseyre-Tornquist Zone (TTZ) s )
\i\ and Sorgenfrei-Tornquist Zone (STZ) ~— S€ISMIC profile  —— faults [__1 shoreline

610 Figure 12. Depth-to-Moho map with key structural elements overlaid. Position of the interpreted seismic lines is indicated. Main
faults and tectonic blocks are modified from Kramarska et al. (1999), Krzywiec et al. (2003), Jaworowski et al. (2010), Pokorski
(2010), Seidel et al. (2018) and Ponikowska et al. (2024). Outlines of the Sorgenfrei- and Teisseyre-Tornquist Zones are shown after
Ponikowska et al. (2024).

32



615

620

625

() 14°E 16°E

Crust
thickness
(km)

24.8

29.9

33.2

N.GS

35.9
37

37.9

\ 38.4

Poland

38.9
S 50 (km) 39.5
tﬁ 405
\;:\ Teisseyre-Tornquist Zone (TTZ) seismic profle ~ —— faults [__] shoreline

“.™ and Sorgenfrei-Tornquist Zone (STZ)

Figure 13. Crustal thickness map with key structural elements overlaid. Position of the interpreted seismic lines is indicated. Main
faults and tectonic blocks are modified from Kramarska et al. (1999), Krzywiec et al. (2003), Jaworowski et al. (2010), Pokorski
(2010), Seidel et al. (2018) and Ponikowska et al. (2024). Outlines of the Sorgenfrei- and Teisseyre-Tornquist Zones are shown after
Ponikowska et al. (2024).

6 Discussion

Seismic interpretation of the southern Baltic Sea region reveals that the upper crustal architecture was shaped primarily by two
major tectonic events: Permian—Mesozoic extension and Late Cretaceous inversion. The extensional regime led to the
formation of sedimentary basins, notably the Mid-Polish Trough and the Rgnne Graben, where the Permian—Mesozoic
sedimentary succession accumulated to thicknesses of 3—4 km. These basins exhibit typical features of rift-related and post-
rift subsidence with superimposed phases of renewed extension (e.g., Ponikowska et al., 2024).

Subsequently, during the Late Cretaceous, a regional compressional phase resulted in pronounced thick-skinned inversion.
This deformation reactivated pre-existing faults and generated new fault structures. Vertical displacements along these faults
reached 1.5-2 km, resulting in uplift and folding of the previously deposited sedimentary fill. Asymmetrical marginal troughs,
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filled with up to 1 km of Upper Cretaceous deposits, developed along the flanks of the inverted basins. Their asymmetry and
orientation consistently indicate a north-eastward vergence of compressional forces (Fig. 4). Our observations corroborate the
findings of Ponikowska et al. (2024), who noted that the effects of inversion extended beyond the original Permian—Mesozoic
depocentres.

Seismic data from the BGR16-256 profile (Fig. 4) clearly demonstrate that Permian—Mesozoic extension affected not only the
main troughs but also the East European Craton (EEC) margin, northeast of the Christiansg Block. There, the crystalline
basement is overlain solely by lower Palaeozoic strata, yet it exhibits features, showing that the inversion extended at least 35
km east of the Christiansg Block. However, east of the Ustka Fault Zone — at distances of 60-70 km from the Christiansg
Block — the BGR16-202 profile shows no clear evidence of Late Cretaceous inversion, suggesting a spatial limit to the
compressional overprint (Fig. 5a). Additionally, the profile is oriented perpendicular to the shortening direction and parallel to
the faults, which reduces the visibility of shortening-related structures.

A close comparison of BGR16-256 with profile PQ2-002 (Ponikowska et al., 2024) reveals consistent structural interpretations.
The Trzebiatow and Koszalin faults correspond to backthrusts on both profiles, while the faults bounding the Bornholm and
Christiansg Blocks match major thrusts. One notable difference concerns the western margin of the Christiansg Block at 100—
110 km (Fig. 4). On BGR16-256, this feature appears as a basement slope, whereas Ponikowska et al. (2024) interpreted it as
a fault. Because the basement appears to subcrop beneath the Cenozoic farther to the northeast, the presence of a fault cannot
be ruled out.

Of the four profiles considered, only BGR16-256 traverses the CDF, which, in this area, does not appear as a major crustal-
scale feature. Consistent with earlier interpretations (Mazur et al., 2016; Ponikowska et al., 2024), the deformation is thin-
skinned and involves only a limited thickness of lower Palaeozoic rocks. In contrast, profile BGR16-257 shows up to 4 km of
deformed lower Palaeozoic strata. Because this profile is located farthest to the west among the study profiles, the greater
thickness of lower Palaeozoic indicates a westward increase in the thickness of the Caledonian accretionary wedge.

The present study also confirms that upper Palaeozoic strata are restricted to the western part of the study area, particularly
west of the Koszalin Fault, within the Mid-Polish Trough and the Rgnne Graben. Profile BGR16-259, for example, documents
up to 2 km of upper Palaeozoic strata. This thick succession likely records a post-Caledonian rifting phase and subsequent
subsidence during the Devonian—Carboniferous (Ponikowska et al., 2024), a phenomenon also supported by recent studies of
basin evolution (Smit et al., 2018; Krzywiec et al., 2022).

A key unresolved issue concerns the extent and configuration of the EEC beneath the southwestern Baltic Sea and its
relationship to the TTZ. Several models propose that the EEC crust extends south-westward beneath the North German-Polish
Caledonides, reaching as far as the Elbe Lineament (Tanner and Meissner, 1996; Bayer et al., 2002; Mazur et al., 2015, 2016a,
b; Smit et al., 2016; Ponikowska et al., 2024). This interpretation is supported by deep seismic reflection and refraction data,
and gravity and magnetic modelling, all consistently indicating the presence of a thick, reflective lower crust of likely EEC

affinity. Comparable crustal signatures have been documented farther west beneath northern Germany (e.g., DEKORP and
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EUGENO-S profiles; Aichroth et al. 1992; Bayer et al., 2002; Mazur et al., 2026), suggesting that craton-derived lower-crustal
material may underlie parts of the Caledonian belt in a broad suture zone rather than terminating along a discrete boundary.
In contrast, alternative models argue for an abrupt termination of the EEC at the TTZ, interpreted as a major strike-slip suture
formed during the Ordovician-Silurian accretion of Avalonian terranes (Dadlez et al., 2005). However, a sharp Moho- and
crustal-scale boundary at the TTZ is difficult to reconcile with several independent observations. First, the geometry of the
CDF and the onshore thin-skinned Caledonian structures in NW Poland imply that deformation was decoupled from the
crystalline basement (Mazur et al., 2016b; Ponikowska et al., 2024), inconsistent with a rigid, abrupt cratonic termination
beneath the deformation front. Second, the TTZ is associated with a broad zone of heterogeneous basement properties, rather
than a single sharply defined suture; recent potential-field inversions and magnetotelluric studies reveal an up to 120 km wide
transition zone characterised by mixed crustal signatures, inherited faults, and variable lower-crustal reflectivity (Smit, 2016;
Mazur et al., 2021, 2024, 2026; Jozwiak et al. 2022).

Further constraints come from mantle-lithosphere structure. Recent seismological studies show that the Scandinavian Mid-
Lithospheric Discontinuity (MLD), a hallmark of the stable cratonic mantle, continues southward beneath the Caledonides and
even reaches the Bohemian Massif (Kind et al., 2025). This implies that craton-derived lithospheric mantle extends
significantly farther southwest than traditionally assumed, supporting models of a EEC transition zone beneath the
southwestern Baltic Sea. Additionally, recent tomography models reveal high-velocity mantle lithosphere beneath NE
Germany and the Baltic Sea, consistent with craton-affinity lithosphere overstepping the surface trace of the TTZ (Vecsey et
al., 2014; Zhu et al., 2015). In contrast, low-velocity zones and lithospheric thinning occur farther southwest beneath the
Variscan front, indicating that the major lithosphere—asthenosphere transition lies well beyond the TTZ (Shomali et al., 2006;
Janutyte et al., 2015; Knapmeyer-Endrun et al., 2017).

If the TTZ were indeed a sharp boundary of Baltica, we would expect a step change in crustal properties along NE-SW-
trending seismic or potential field profiles. However, the gravity and magnetic modelling of BGR16-256 (Fig. 6) and related
seismic data indicate a Moho at ~40 km depth with a flat geometry. Although the Moho is locally shallower beneath the Mid-
Polish Trough, this appears linked to basement subsidence and crustal thinning associated with Permian rifting and Mesozoic
extension, as supported by the crystalline crust thickness map (Fig. 13).

In the Rgnne Graben, by contrast, the Moho remains deep despite significant basement subsidence. This pattern, evident in
seismic and gravity data (Figs. 8, 10, 12), implies that crustal thickening may have occurred after initial extension. One
hypothesis is that the Ranne Graben formed as a pull-apart basin (Deeks and Thomas, 1995) or was influenced by horizontal
shear in the lower crust that decoupled upper crustal extension from the deeper lithosphere (Yang et al., 2018). Alternatively,
the area may have experienced crustal shortening and thickening during inversion, with lower crustal subversion
accommodating compressive strain — a mechanism analogous to that proposed by the BABEL Working Group (1993).
Earlier interpretations of the DEKORP BASIN (PQ) profiles in the southern Baltic Sea suggested a relatively shallow Moho
at 28-35 km depth (Krawczyk et al., 2002, their Fig. 10). In those models, the Moho was shown as broadly flat at ~30 km on
both sides of the STZ and TTZ (e.g., Bleibinhaus et al., 1999; Krawczyk et al., 2002; Meissner and Krawczyk, 1999). In
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contrast, our results place the Moho substantially deeper—at 35-41 km (Figs. 6-9, 12). Overall, the Moho surface is relatively
flat, with the only notable gradient occurring along profile BGR16-257, where it shallows south-westward toward the axis of
the Mid-Polish Anticlinorium (Figs. 9, 12). The deep Moho is independently supported by the BalTec seismic refraction profile
(coincident with BGR16-212; Fig. 2), which crosses the southern Baltic Sea in a NE-SW orientation (Janik et al., 2022). Our
results also generally agree with Moho depths reported along the BABEL A seismic profile (BABEL Working Group, 1993),
although the BABEL data show a rougher Moho topography, including a prominent crustal keel beneath the STZ (BABEL
Working Group, 1993, their Fig. 7).

An important new finding of this study is the consistent south- and south-eastward dip of both the top basement and the Moho
observed on NW-SE trending profiles BGR16-202 and BGR16-259 (Fig. 5a, b). This trend is confirmed by depth-to-basement
and Moho maps (Figs. 10, 12), and by the crystalline crust thickness model (Fig. 13). These features define a NE-SW-trending
crustal zone separating thicker crust to the northwest from thinner crust to the southeast. This transition aligns with a major
magnetic lineament (Fig. 3b) and lithological boundaries within the Precambrian basement (Fig. 11), suggesting a structural
inheritance from the Precambrian architecture of the EEC. The orientation of this gradient zone is consistent with the general
NE-SW structural grain of the East European Craton (Bogdanova et al., 2008) and is evident even west of the TTZ, extending
as far as the island of Rlgen (Fig. 10). This suggests that the transition is rooted in the Precambrian architecture of the EEC
and likely represents the preserved signature of a long-lived structural grain formed during early Proterozoic crustal assembly.
Similar NE-SW-striking basement domains and shear zones are documented in the adjacent part of the craton (Bogdanova et
al., 2008), supporting the interpretation that the observed crustal step reflects inherited lithospheric heterogeneity rather than
a Caledonian or younger tectonic boundary.

The most enigmatic structural issue concerns the tilting and erosion of Silurian strata observed on profiles BGR16-202 and
BGR16-259 (Fig. 5a, b). On profile BGR16-202, the Silurian strata lie parallel to the tilted basement, indicating that they were
rotated after deposition but before the Late Cretaceous deformation, as evidenced by the unconformity at the top of the Silurian.
On profile BGR16-259, the Silurian units also initially follow the tilted basement but display internal unconformities in their
upper parts, pointing to syn-sedimentary deformation. Where overlying Triassic strata is present, it seals the erosion surface,
implying that tilting and erosion of the Silurian occurred before the Triassic. Low-temperature thermochronological data from
the Baltic Basin (Botor et al., 2021) suggest a major phase of uplift during the early Carboniferous northeast of the CDF and

Koszalin Fault. Whether this uplift was driven by fault reactivation or broad regional doming remains an open question.

7 Conclusions

This study provides a comprehensive seismic and structural interpretation of the crustal architecture beneath the southern
Baltic Sea, highlighting the complex tectonic evolution of this region across multiple geological timescales. The structure of
the upper crust has been shaped primarily by two dominant tectonic phases: Permian—Mesozoic extension and Late Cretaceous

inversion. The extension phase led to the formation of significant sedimentary basins such as the Mid-Polish Trough and the
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Rgnne Graben, which accumulated up to 4 km of sediments. These basins exhibit classical features of rift-related and post-rift
subsidence, later overprinted by renewed extensional episodes.

The subsequent Late Cretaceous compressional phase triggered a thick-skinned inversion, resulting in the reactivation of earlier
extensional faults and the development of new reversed faults. The inversion produced substantial vertical displacements (up
to 2 km) and asymmetric marginal troughs with a consistent north-eastward vergence, indicating regionally directed transfer
of compressional stresses. Importantly, the inversion propagated beyond the original Permian—Mesozoic depocentres, affecting
the East European Platform margin northeast of the Christiansg Block.

Seismic profiles reveal that the CDF is a thin-skinned structure and the deformed lower Palaeozoic succession rapidly thickens
westwards reflecting the geometry of the Caledonian accretionary wedge. Additionally, the presence of upper Palaeozoic strata
is restricted to the western parts of the study area, west of the Koszalin Fault, documenting post-Caledonian rifting and
subsequent Devonian—Carboniferous subsidence.

The study contributes to the ongoing debate regarding the southwestern limit of the EEC. Seismic and potential field data
suggest that the EEC crust may extend farther southwest beyond the study area, with no clear indication of a sharp boundary
along the Teisseyre-Tornquist Zone (TTZ). Instead, the observed Moho geometry is relatively flat and continuous across this
zone, challenging models that propose a distinct cratonic plate boundary along the TTZ.

One of the key findings is the identification of a NE-SW-trending transition zone in crustal thickness and Moho depth, marking
a structural gradient likely inherited from the Precambrian architecture of the EEC. Finally, evidence of tilted and eroded
Silurian strata, sealed by Triassic cover, points to a significant pre-Triassic tectonic event — possibly early Carboniferous uplift

— whose precise nature remains unresolved but may be linked to regional doming or fault reactivation.
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