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Abstract. The deep, high-resolution regional-scale seismic profiles of the PolandSPAN® survey provided a unique insight into 10 

the extensive system of inferred igneous intrusions imaged within the crystalline basement of the Baltic Basin (SW part of the 

East European Craton). These intrusions, that continue laterally for 100+ km, are located at depth of c. 6-7 – 19-20 km, and 

are far beyond the reach of the deepest wells. They are represented by packages of strong seismic reflectors, sometimes saucer-

shaped, and are often characterized by step-wise geometry, sometimes diverging into several separate branches. Forward 

seismic modelling was used in order to provide insight – “educated guess” - regarding their lithology, exact lateral extent, and 15 

lateral thickness variations. It was concluded that most probably these are doleritic intrusions of thickness in the range of 60 

to 200 m. Due to lithological coherence and close spatial relation to shallow sills and massifs recognized in wells, they have 

been interpreted as Mississippian (early Carboniferous) intrusions belonging to the recently recognized Lublin-Baltic Igneous 

Province. Developed methodology that combines quantitative assessment of seismic data resolution and estimation of tuning 

thickness with 2D seismic forward modelling based on geological constrains might be used to better understand, or estimate, 20 

parameters characterizing deep intrusions that are beyond reach of deep wells. 

1 Introduction 

Some igneous intrusions located within the crystalline basement have been drilled by deep wells – an excellent example of 

this is provided by results of the Gravberg-1 and Stenberg-1 wells drilled in 1988 within the so-called Silian Ring (meteorite 

impact site) formed in Devonian in central Sweden (Juhlin, 1990; Papasikas and Juhlin, 1997; Juhlin et al., 2012). Both these 25 

wells were located using seismic reflection data that imaged series of high-amplitude seismic events, and they proved that 

these observed seismic features are related to dolerite sills hosted by granites (Juhlin, 1990; Papasikas and Juhlin, 1997). This 

however is not a rule, this is rather an exception as usually seismic features interpreted as deep crustal igneous intrusions are 

located far beyond the reach of even deepest wells (e.g. Wrona et al., 2019). In such a case, determination of their key 

characteristics such as lithological composition, geometry, including lateral thickness variations and presence of possible 30 
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discontinuities, and age is just “educated guessing”, based on various indirect premises and assumptions, and on regional 

geological context. This “guessing” could however be supported by various geophysical considerations that help to determine 

some of the aforementioned parameters. 

Velocities and densities of igneous intrusions that are often higher than those of the host rocks (in particular in case of 

sedimentary host rocks) result in sharp and significant changes of acoustic impedances related to such intrusions, and this in 35 

turn leads to high-amplitude seismic features observed on seismic reflection data (e.g. Hansen et al., 2004; Cartwright and 

Hansen, 2006; Hansen and Cartwright, 2006; Hansen et al., 2008; Miles and Cartwright, 2010; Magee and Jackson, 2020). 

Therefore, careful analysis of seismic data supported by seismic modelling might provide some semi-quantitative estimates of 

key petrophysical parameters characterizing studied deep igneous intrusions imaged by seismic reflection data. In this paper, 

we present result of a study of regionally extensive system of deep high-amplitude seismic features imaged by regional high-40 

end seismic data of the PolandSPAN® survey within the southwestern margin of the East European Craton in northern Poland. 

Main aim of this work was to constrain lithology, thickness and overall geometry of inferred igneous intrusions recognized at 

the depths of c. 6-7 – 19-20 km. Obtained results significantly improved understanding of the recently recognized Lublin Baltic 

Mississippian Igneous Province (Poprawa et al., 2024) and also deep igneous systems in general, including also geophysical 

approaches towards determining their petrophysical characteristics. 45 

2 Geological background 

This study concerns inferred igneous intrusions detected imaged by deep seismic data within the crystalline basement of the 

Baltic Basin. This basin is located above the southwestern edge of the East European Craton (EEC), where the Precambrian 

crystalline basement is covered by Cambrian (locally also thin uppermost Ediacaran) to Silurian and Permian to Mesozoic and 

Cenozoic sedimentary cover. The EEC extends from the Trans-European Suture Zone in central Europe to the Ural Mountains 50 

in the east - northeast (Fig. 1A). It is composed of three major crustal segments: Fennoscandia in the northwest, within which 

the study area is located, Sarmatia in the south, and Volgo-Uralia in the east (Fig. 1A; Gaál and Gorbatschev, 1987; Bogdanova 

et al., 1996). The EEC was formed during collisions and amalgamation around the Archaic nuclei, mainly during the 2.1–1.7 

Ga time span (e.g. Gorbatschev and Bogdanova, 1993; Bogdanova et al., 2008; Johansson et al., 2022). The basement of the 

Baltic Basin, similarly to the entire Fennoscandian domain, was consolidated during the late Svecofennian orogeny and 55 

associated metamorphism and igneous activity at approximately 1.87–1.75 Ga (Kheraskova et al., 2015; Krzemińska and 

Krzemiński, 2017; Krzemińska et al., 2021a). 

In the Fennoscandian domain, the Svecofennian orogeny was followed by an intensive anorogenic igneous activity at 

approximately (1.67-) 1.54 to 1.45 Ga, resulting in the development of the anorthosite-mangerite-charnockite-granite (AMCG) 

suite (Skridlaitė et al., 2003; Bogdanova et al., 2008; Krzemińska and Krzemiński, 2017). In the Sarmatian domain of the EEC, 60 

magmatism of a similar tectonic setting and chemical character took place earlier, at c. 1.81–1.74 Ga (Shumlyanskyy et al., 
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2017). The presence of the AMCG-type intra-cratonic plutons is characteristic for the basement of the southern part of the 

Baltic Basin (Fig. 1A). 

 

 65 

Figure 1: (A) The study area shown at the background of map of main tectonic units of Europe (after Berthelsen, 1992; Poprawa, 

2020, supplemented). The lower Permian intrusions after Krzemińska et al. (2021b). LBMIP – Lublin-Baltic Mississippian Igneous 

Province, VLIP – Volhynia Large Igneous Province (upper Ediacaran; lateral extent after Kuzmenkova et al., 2010; Poprawa et al., 

2020; Krzemińska et al., 2022), AMCG – anorthosite-mangerite-charnockite-granite suite (lateral extent after Andersson et al., 2001; 

Grabarczyk et al., 2023; Domańska‑Siuda et al., 2024), PD: Podlasie Depression, LB: Lublin Basin, TESZ: Trans-European Suture 70 
Zone. (B) Regional map of NE Poland and surrounding areas that illustrates lateral extent of the Lublin-Baltic Mississippian Igneous 

Province (after Poprawa, 2019; Poprawa et al., 2024). Blue lines: location of PolandSPAN seismic profiles analysed in this paper (cf. 

Krzywiec et al., 2013, 2014). 
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The early Mesoproterozoic AMCG suite, together with the Svecofennian synorogenic granitoid and tonalite intrusions and 75 

supracrustal paragneisses, compose the crystalline basement of the study area. The basement is separated from the overlying 

upper Ediacaran–lower Paleozoic sedimentary cover of the Baltic Basin by an extensive stratigraphic gap that represents c. 

900 My of denudation and hiatus. Development of the Baltic Basin, similarly to the sedimentary basins within other parts of 

the southwestern edge of the EEC, was initiated by the late Ediacaran rifting (Poprawa et al., 1999; 2018; Eriksson, 2012; 

Krzywiec et al., 2018; Krzemińska et al., 2022). Southeast of the Baltic Basin, in the Podlasie, Lublin, and Volhynia-Podillya 80 

basins, rifting induced intensive magmatism and development of flood basalts and associated igneous and pyroclastic rocks of 

the Volhynia Large Igneous Province (VLIP) at c. (626-) 580-545 Ma (Fig. 1A; Shumlyanskyy et al., 2016; Poprawa et al., 

2020; Krzemińska et al., 2022). However, the Baltic Basin was not affected by the late Ediacaran igneous activity, the northern 

limit of which was located approximately 200 km southeast of our study area (Fig. 1A). 

Following the late Ediacaran rifting and the subsequent opening of the Tornquist Ocean, the western slope of the EEC became 85 

a passive continental margin of the newborn Baltica (Poprawa et al., 1999; 2018; Krzywiec et al., 2018). During that phase, 

succession of continental to shallow marine clastic Cambrian sediments was deposited within the Baltic Basin that passes up 

section into the Lower - Middle Ordovician clastics and carbonates (Areń and Lendzion, 1978; Modliński, 1982; Jaworowski, 

1997). 

During the Late Ordovician – Silurian times, Baltica’s margin was under the influence of its oblique collision with Avalonia 90 

(e.g. Torsvik and Rehnström, 2003; Domeier, 2016). This resulted in development of the Caledonian fold-and-thrust belt and 

its foreland basin located along the western (present-day co-ordinates) slope of the EEC, including the Baltic Basin (Poprawa 

et al., 1999, 2018; Lazauskienė et al., 2002; Tari et al., 2012; Mazur et al., 2016, 2018). It was filled mainly with the fine-

grained marine clastic sediments of significant thickness, locally exceeding 5000 m (Podhalańska and Modliński, 2006; 

Krzywiec et al., 2013, 2014; Mazur et al., 2016; Porębski and Podhalańska, 2019; Poprawa, 2020). The development of the 95 

Baltic Basin continued during the Devonian and early Mississippian, when several hundred meters of mainly fluvial and deltaic 

clastic and marly sediments were deposited (Maryja, 2006). However, these sediments were removed by the Carboniferous 

and/or early Permian erosion, except for the easternmost part of the basin. The uplift that caused this pervasive denudation 

might have been at least partly driven by the regional far-field compressional stress transmitted into the foreland plate from 

the Variscan collision zone (Krzywiec et al., 2017a, 2017b; see also Krzywiec et al., 2022). 100 

During the Mississippian, in the central and southern Baltic Basin, as well as in the adjacent Mazury High and Podlasie and 

Lublin basins located towards the southeast, intensive alkaline magmatic activity took place, considered to represent the 

distinct Lublin-Baltic Mississippian Igneous Province (see Fig. 1B; Poprawa, 2019; Poprawa et al., 2024). It has been best 

recognized within the Mazury High south of the Baltic Basin, where, due to uplift and denudation, the crystalline basement is 

present at relatively small depth, commonly less than 1 km. In this area Mississippian alkaline igneous massifs were identified 105 

by numerous boreholes (e.g. Demaiffe et al., 2013; Krzemińska and Krzemiński, 2017; Wiszniewska et al., 2020; Fig. 2). 
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Figure 2: (A) Total intensity magnetic anomaly map of Poland (cf. Królikowski and Wybraniec, 1996; Wybraniec, 1999; Petecki and 

Rosowiecka, 2017). (B) Zoom into the study area with the igneous bodies constrained by geophysical data (after Poprawa et al., 2024, 110 
modified) and the location of igneous massifs identified by boreholes. Blue lines: location of PolandSPAN seismic profiles analysed 

in this paper (cf. Krzywiec et al., 2013, 2014). 
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The current geochronological data constrain period of development of these massifs at c. 352–344 Ma (Krzemińska et al., 

2025). Igneous intrusions, mainly dolerite sills, within the pre-Permian sedimentary cover of the EEC of the same age have 115 

been recognized throughout the entire LBMIP (Fig. 1B; Poprawa et al., 2024). Effusive products of this igneous activity have 

been largely eroded during the late Carboniferous and/or early Permian uplift, except for the southern part of the LBMIP, from 

the study area, where the Mississippian basalts and tuffs have been preserved and encountered by numerous wells (Fig. 1B; 

Pańczyk and Nawrocki, 2015; Poprawa, 2019). 

During the latest Carboniferous to early Permian, vast parts of central and northwestern Europe, including the Western 120 

Pomeranian Basin located to the west of the Baltic Basin, were covered with calk-alkaline effusives and pyroclastic rocks, 

associated with intrusives (Neumann et al., 2004; Breitkreuz et al., 2007; Maliszewska et al., 2016). However, the EEC, 

including the Baltic Basin, was devoid of that magmatic activity. The only exception is dolerite intrusion in the Podlasie Basin 

(Krzemińska et al., 2021b), located however more than 200 km southeast from our study area. 

Following extensive post-Variscan erosion, the study area was incorporated into the eastern flank of the Permian-Mesozoic 125 

Polish Basin that belonged to the Central European Basin System (Dadlez and Marek, 1997 Maystrenko et al., 2008). This led 

to the additional burial of the Baltic Basin Paleozoic sedimentary infill and its crystalline basement by c. 1.5-4 km, depending 

on exact location. The upper Permian section is composed of the (Cisuralian – lower Lopingian) clastics and Zechstein (upper 

Lopingian) evaporites and carbonates (Wagner, 1994; Kiersnowski, 1998; Peryt et al., 2010). The Triassic to the Lower 

Cretaceous succession is dominated by clastic deposits (Dadlez and Marek, 1997), while the Upper Cretaceous, deposited 130 

during basin inversion, consists of chalk and locally more coarse-grained syn-inversion deposits (see Stachowska and 

Krzywiec, 2023 and references therein). Following Late Cretaceous – Paleogene inversion, uplift and erosion (Krzywiec, 2006; 

Stachowska and Krzywiec, 2023), the Permian-Mesozoic succession was covered by a mostly flat-lying up to 200-300 hundred 

meters on average thick Cenozoic continental clastic sediments (Piwocki and Kramarska, 2004). 

3 Data and methods 135 

3.1 Seismic data 

This study was based on selected profiles from the PolandSPAN® regional seismic survey located above the southwestern 

edge of the East European Craton in Poland (cf. Krzywiec et al., 2013, 2014). This survey consists of approximately 2200 km 

of onshore seismic reflection profiles acquired with high-end parameters such as broadband sweep (2-150 Hz), 960-channel 

symmetric spread, 12 km long offsets, long record lengths (12 s), tight station spacing (25 m) and high nominal fold (480). All 140 

the data was processed up to PreSTM and PreSDM. Nominal record length was 12 seconds, but in the field uncorrelated data 

down to 28 seconds were recorded. Such approach to data acquisition and processing resulted in unparalleled imaging of the 

entire Phanerozoic sedimentary cover and crust, down to MOHO (Malinowski, 2016). So far, PolandSPAN® data has been 

used in order to reinterpret the Teisseyre-Tornquist Zone (Mazur et al., 2015, 2016) and to decipher and interpret deep tectonic 
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features within the crystalline basement (Mężyk et al., 2019, 2021), shed a new light on Ediacaran rifting of the cratonic edge 145 

(Krzywiec et al., 2018), helped to better constrain deeply buried Caledonian (Mazur et al., 2016) and Variscan (Krzywiec et 

al., 2017a,b; Kufrasa et al., 2020) orogenic fronts, and to reinterpret regional tectonics and depositional evolution along the 

cratonic edge during the Late Cretaceous inversion of the Polish Basin (Stachowska and Krzywiec, 2023). Recently, 

PolandSPAN® profiles have been used to provide new insight on lower Carboniferous igneous intrusions within the Baltic 

and the Lublin basins in northern and southeastern Poland, respectively (Krzywiec et al., 2024; Poprawa et al., 2024). 150 

For this study, three profiles of the PolandSPAN® survey have been analysed: PL-5400 (Fig. 3), PL-1200 (Fig. 4) and part of 

PL-1100 (Fig. 5). They were calibrated using data from deep wells that drilled to the base of the Lower Paleozoic sedimentary 

cover or reached top of the crystalline basement (cf. Krzywiec et al., 2013, 2014; Mazur et al., 2016; Stachowska and Krzywiec, 

2023). 

 155 

 

Figure 3: PolandSPAN seismic profile PL-5400 that imaged high-reflectivity zones – inferred igneous intrusions - within the 

crystalline basement described in this paper. Location see Fig. 1 and Fig. 2. 
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Figure 4: PolandSPAN seismic profile PL-1200 that imaged high-reflectivity zones  – inferred igneous intrusions - within the 160 
crystalline basement described in this paper. Location see Fig. 1 and Fig. 2. 

 

 

Figure 5: NW part of PolandSPAN seismic profile PL-1100 that imaged high-reflectivity zones  – inferred igneous intrusions - within 

the crystalline basement described in this paper. Location see Fig. 1 and Fig. 2. 165 
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3.2 Analysis of vertical seismic resolution 

Quality of seismic imaging directly depends on seismic resolution, which is determined by the relationship between dominant 

frequency and interval velocity (e.g. Faleide et al., 2021). The final resolution of seismic data is also influenced by various 

processing algorithms, including those used for migration of seismic data (Sheriff, 2002; Cartwright and Huuse, 2005). Seismic 

resolution decreases with depth which is combined effect of two main factors: (i) general increase of velocity with depth due 170 

to mechanical and chemical compaction, and (ii) increased attenuated of higher frequencies with depth (Brown, 2011; 

Bjørlykke, 2015; Faleide et al., 2021). 

The vertical seismic resolution, regarded as the limit of vertical separability of seismic events / features, is defined as quarter 

of a seismic wavelength used in a given seismic survey (λ/4; e.g. Brown, 2011), whereas precise limits of visibility or 

detectability can vary depending on the quality of the seismic data (Faleide et al., 2021; see also Brown, 2011, for more details). 175 

All of the above information was essential for conducting a detailed analysis of the vertical seismic resolution in areas where 

magmatic intrusions had been identified. The objective of analysis of vertical resolution was to determine the key parameters 

necessary for determining, or estimating, the thickness of igneous intrusions imaged within the basement of the Baltic Basin. 

Estimation of vertical seismic resolution was performed in two steps: (i) by advanced tuning analysis using wavelets extracted 

by a statistical method within the defined TWT windows, and (ii) by detailed analysis of the wedge model. 180 

3.3 Seismic forward modelling 

Seismic forward modelling was used to constrain, or to provide “educated guess” on the continuity, thickness, and lithology 

of inferred igneous intrusions identified on seismic data. The applied modelling methodology was based on a full-wave 

algorithm that generates multiple reflections. It provides a more accurate representation of wave propagation in a real medium 

than standard ray-tracing methods. The vertical incidence method was used to solve the wave equation by simulating the 185 

vertical propagation of P waves. This simple algorithm quickly evaluates the arrival time and amplitude of reflected waves, 

making it a very useful tool for seismic analysis. It is very effective methodology for studying the direct seismic response to 

lithology, and for verifying geological concepts when interpreting seismic data. The same approach has been recently tested 

and successfully used to study Upper Jurassic carbonate build-ups in southern Poland (Słonka et al., 2025). 

For theoretical wave field calculations, we used zero-offset variant, which simulates synthetic stacked and migrated seismic 190 

profiles. Seismic modelling involves simulating seismic wave propagation in two-dimensional, geologically representative 

numerical models. Each modelling scenario begins with the creation of seismic-geological model in depth domain that consists 

of seismo-geological layers i.e. polygons with assigned P-wave velocities and densities (cf. Fagin, 1991; Rabbel et al., 2018; 

Lecomte et al., 2015; Li and Mitra, 2020a, b; Słonka et al., 2025). Following the construction of various seismic-geological 

models and definition of the acquisition parameters, simulations were performed using the specified theoretical wavelet. 195 
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3.3.1 Determination of lithology 

One of the key steps in this study was estimation of possible lithological characteristics of inferred deep igneous intrusions as 

several viable options could have been considered. To achieve this, we constructed seismic-geological models based on seismic 

profile PL-5400 (Fig. 3). Geometry of each of these models, that included Phanerozoic sedimentary cover as well as upper 

part of the basement together with inferred deep igneous intrusion, was derived from interpreted seismic profile. Each of the 200 

layer within the model was assigned specific velocities and densities. 

Velocities for the sedimentary cover were based on data from two deep research wells Pasłęk IG-1 and Prabuty IG-1. For the 

basement, we assumed vertical velocity gradient. Its upper value was based on data from Prabuty IG-1 well that drilled topmost 

part of the basement, and its lower value was derived from deep seismic refraction studies (Grad et al., 2016). 

Densities, due to lack of modern density logs, have been calculated using Gardner equation (Gardner et al., 1974). This 205 

approach was regarded as fully acceptable as our modelling study was focused on deep intra-basement seismic features, and 

generalized density distribution based on the Gardner equation was deemed as suitable for that purpose. 

None of the studied high-amplitude seismic events visible within the basement of the Baltic Basin have been reached by wells 

so we relied on literature data on velocities and densities for three main lithologies that were tested during modelling study, 

i.e. granite-granodiorite, basalt and dolerite (Dortman and Magid, 1969; Murase et al., 1973; Plewa and Plewa, 1992; Brown 210 

and Kim, 2020; cf. McBride et al., 2004). 

Seismic modelling was performed using a theoretical 30 Hz Ricker signal that is close approximation of a wavelet extracted 

from the entire PL-5400 seismic profile using statistical method. Recording time for each simulation was set to eight seconds, 

and the trace/CMP interval was set to 20 meters as these parameters matched acquisition parameters of the PolandSPAN® 

seismic data. 215 

Calculated synthetic seismic profiles have been then compared to real seismic data, with particular focus on seismic imaging 

of deep igneous intrusions, on amplitude characteristics, and on continuity of particular seismic horizons. This comparison 

allowed to select the most probable lithological interpretation for deep seismic events visible on PolandSPAN® data within 

the basement of the Baltic Basin. 

3.3.2 Determination of seismic wavelet and vertical resolution - wedge model 220 

We applied a theoretical seismic modelling approach based on wedge models in order to determine the exact seismic 

constraints related to the seismic wavelet and the vertical resolution of the analysed seismic dataset. Similar methodology has 

been applied in the past for other studies of igneous intrusions wavelet estimation and analysis of vertical seismic resolution 

(e.g., Hansen et al., 2008; Eide et al., 2017; Wrona et al., 2019; Köpping et. Al., 2022; Zeng et al., 2023; Cartwright et al., 

2025). In our study, analysing the wedge model was essential for determining the possible thickness and an overall geometry 225 

and lateral continuity of inferred deep igneous intrusions imaged on seismic data within the basement of the Baltic Basin. 
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The geophysical properties of the model layers were consistent with the densities and velocities assumed for inferred igneous 

intrusions that formed our wedge, and for the crystalline Precambrian basement that formed host rock for the wedge. The 

seismic response of the wedge model was calculated using a zero-phase 30Hz Ricker signal, deemed as reliable approximation 

of an actual seismic wavelet used for the PolandSPAN® seismic survey. The resulting synthetic section was computed using 230 

the full-wave method (cf. Słonka et al., 2025). 

4 Results 

4.1 Analysis of vertical seismic resolution 

We performed a detailed analysis of role of seismic tuning on analysed seismic data using statistical wavelets within the time 

windows that covered igneous intrusions visible on seismic data. This analysis was crucial for subsequent steps, including 235 

seismic forward modelling and final estimation of vertical seismic resolution within specified data intervals where intrusions 

are visible. Ultimately, this has provided an approximation of the intrusion thickness. The analysis was carried out for seismic 

profiles PL-5400 and PL-1200 (Fig. 3 and Fig. 4), where high-reflectivity seismic events are located shallower (approximately 

3,5-4,5 sec or 7-9 km, and 3-4 sec or 6,5-8,5 km, respectively) and are better visible than on profile PL-1100 (Fig. 5), where 

analysed deep seismic features are located considerably deeper (approximately 6-7,5 sec or 16-19 km). 240 

Seismic tuning refers to a phenomenon where the interference of waves from closely spaced reflections interfere and this might 

significantly affects apparent amplitude and apparent thickness of the resulting seismic reflector(s). This effect limits the 

vertical resolution of seismic data, which is important in so-called thin-bed analysis as reflections from top and base of a layer 

(bed) thinner than a quarter of the seismic wavelength (λ/4) cannot be reliably resolved as separate seismic horizons on 

interpreted seismic data (Widess, 1973). For seismically thin beds (layers), seismic reflections from its top and base overlap 245 

and undergo interference, producing a single event of high amplitude. For geological layers characterized by thickness larger 

than λ/4, separate seismic reflections related to their tops and bases could be distinguished. The tuning thickness is the bed 

thickness for which two events related to top and base of the bed become indistinguishable on seismic data (e.g. Widess, 1973; 

Kallweit and Wood, 1982; Sheriff, 2002). 

Detailed tuning analysis relies on tracking the tuning thickness based on the wavelet frequency content. To provide the 250 

necessary number of seismic trace samples for statistical analysis and to avoid distortion in the calculations, the wavelet 

extraction windows were set to 500 milliseconds. The three study polygons, two on profile PL5400 and one on profile PL-

1200 have been examined in order to determine the maximum tuning thickness and the dominant frequency of each wavelet 

extracted within the specified time windows. The results have been then compared, and the average value of the calculated 

dominant frequencies was used to determine the vertical seismic resolution in subsequent stages of our study. 255 

Part of the PL-5400 seismic profile shown on Figure 6A reveals the south-western part of complex system of strong-amplitude 

reflections related to inferred igneous intrusion (cf. Fig. 3). The wavelet was extracted from all seismic traces within the 

specified time window (marked by the black dotted rectangle) using a conventional statistical method. To ensure full 

https://doi.org/10.5194/egusphere-2025-3358
Preprint. Discussion started: 12 September 2025
c© Author(s) 2025. CC BY 4.0 License.



12 

 

comparability of the results, all analysed wavelets were 120 milliseconds long and sampled at 2 milliseconds. The calculated 

amplitude spectra were characterized by relatively low noise content (Fig. 6B). Figure 6C presents the results of the tuning 260 

analysis for the extracted wavelet, together with an estimation of the dominant frequency. 

The tuning thickness chart (with all values in two-way travel time) consists of: (i) actual time thickness, which is the actual 

bed thickness expressed in time units; (ii) apparent time thickness, which represents the isochron time between the top of the 

layer (peak) and the base of the layer (trough), as measured from seismic data; (iii) a graph of the normalized peak-trough 

amplitude that shows the peak amplitude of the combined peak/trough pair that encompasses the layer. In the final tuning 265 

thickness charts, the blue curve is a cross plot of the apparent time thickness versus the actual time thickness. The apparent 

time thickness (marked by black dotted curve) tracks the actual time thickness until it reaches a point known as the tuning 

thickness. Below this point, however, it no longer tracks the actual time thickness; instead, it remains almost constant and 

slightly smaller than the tuning thickness value. The red curve shows the cross plot of normalized peak-to-trough amplitude 

against the actual time thickness. Starting at a value of 1 when the layer is relatively thick, it increases in amplitude as the bed 270 

thins until the maximum amplitude is reached at tuning thickness. This maximum amplitude is produced by the constructive 

interference of wavelets generated at the top and base of the studied layer. Below the tuning thickness, the curve decreases 

almost linearly as the layer continues to thin. 

The seismic tuning analysis of the first polygon (part of PL-5400 profile, Fig. 6) revealed a maximum normalized peak-to-

trough amplitude of approximately 1.4 at an actual time thickness of approximately 0.017 seconds. This indicates the tuning 275 

thickness point, which is marked by the thin black horizontal line in Fig. 6C. The two-way time obtained through analysis was 

multiplied by two to determine the period value (T). In this case, the multiplication yields a T value of 0.034 seconds. This 

indicates that 29 Hz is the most likely dominant frequency within the examined time window of analysed part of PL-5400 

profile, as illustrated on Fig. 6C. 

 280 

https://doi.org/10.5194/egusphere-2025-3358
Preprint. Discussion started: 12 September 2025
c© Author(s) 2025. CC BY 4.0 License.



13 

 

  

Figure 6: Seismic tuning analysis for polygon 1. (A) Enlarged part of PL-5400 seismic profile that illustrates detailed seismic 

expression of inferred igneous intrusion within the crystalline basement of the Baltic Basin (cf. Fig. 3). Black dotted rectangle 

indicates seismic wavelet extraction window for tuning analysis. (B) Extracted wavelet parameters with the computed amplitude 

spectrum. (C) Results of the seismic tuning analysis (tuning thickness chart) for the statistical wavelet extracted within a defined 285 
window, see text for additional explanation. 

 

The second polygon, also extracted from PL-5400 profile, illustrates northeastern part of the inferred igneous intrusion imaged 

by this profile (Fig. 7). 

 290 
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Figure 7: Seismic tuning analysis for polygon 2. (A) Enlarged part of PL-5400 seismic profile that illustrates detailed seismic 

expression of inferred igneous intrusion within the crystalline basement of the Baltic Basin (cf. Fig. 3). Black dotted rectangle 

indicates seismic wavelet extraction window for tuning analysis. (B) Extracted wavelet parameters with the computed amplitude 

spectrum. (C) Results of the seismic tuning analysis (tuning thickness chart) for the statistical wavelet extracted within a defined 295 
window, see text for additional explanation. 

 

The time window used for wavelet extraction is marked by a black dotted rectangle (Fig. 7A). Calculated amplitude spectrum 

(Fig. 7B) is slightly broader than for polygon 1. This indicates a slightly augmented frequency content in this segment of the 

PL-5400 profile in comparison to its southwestern counterpart. The tuning thickness chart (Fig. 7C) shows the results of the 300 

seismic tuning analysis that indicate that the maximum normalized peak-to-trough amplitude of approximately 1.3 was 

achieved at an actual time thickness of 0.0165 seconds. Thus, the calculated period value was approximately 0.0335 seconds. 

In this case, the dominant frequency within the examined time window of the second polygon is close to 30 Hz, slightly higher 

than in the first polygon. 

The third polygon, based on part of the PL-1200 profile, imaged the most geometrically complex segment of the analysed 305 

inferred igneous intrusion (Fig. 8). 
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Figure 8: Seismic tuning analysis for polygon 3. (A) Enlarged part of PL-1200 seismic profile that illustrates detailed seismic 

expression of inferred igneous intrusion within the crystalline basement of the Baltic Basin (cf. Fig. 4). Black dotted rectangle 310 
indicates seismic wavelet extraction window for tuning analysis. (B) Extracted wavelet parameters with the computed amplitude 

spectrum. (C) Results of the seismic tuning analysis (tuning thickness chart) for the statistical wavelet extracted within a defined 

window, see text for additional explanation. 

 

The wavelet extraction time window was more extensive than in previous polygons in order to capture all branches of strong 315 

reflectors associated to igneous intrusions, as shown by the black dotted rectangle on Figure 8A. The reflection amplitudes are 

comparable to those depicted on polygon 1 from profile PL-5400, resulting in concise amplitude spectrum (Fig. 8B). A seismic 

tuning analysis based on the tuning thickness chart (Fig. 8C) demonstrates a maximum normalized peak-to-trough amplitude 

of approximately 1.4 at an actual time thickness of approximately 0.017 seconds, which is the tuning thickness point. The 

period value was found to be 0.0034 seconds at that point, meaning that 29 Hz was the main frequency in the studied time 320 

window. 

Based on an analysis of all the studied polygons, the average dominant frequency was found to be 29 Hz. Assuming velocity 

of approximately 6000–6700 m/s characteristic for igneous intrusion (see also below), the vertical seismic resolution according 

to the λ/4 criterion (Widess, 1973) would be approximately 52–58 meters. These results have then been used in the next stage 

of the vertical seismic resolution analysis based on wedge models. 325 
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4.2 Determination of lithology based on 2D seismic modelling 

The aim of 2D seismic forward modelling was to study the seismic response of inferred deep igneous intrusions characterized 

by three alternative lithologies: granite-granodiorite, basalt and dolerite. 

Velocities and densities of the model layers have been based on data from Pasłęk IG-1 and Prabuty IG-1 deep research wells 

(Fig. 9). They are listed in Table 1. 330 

 

 

Figure 9: Correlation of deep calibration well Prabuty IG-1 with PSDM version of PL-5400 profile. GR: natural gamma ray log, 

DT: sonic log. 

Table 1. Velocities and densities for sedimentary cover and crystalline basement used for 2D seismic modelling. 335 

  stratigraphic interval P-wave 

velocity (m/s) 

density (g/cm3) 

1  Cretaceous and Cenozoic 2200 2.1 
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2  Jurassic 2500 2.2 

3  Triassic 3200 2.23 

4  Permian 5000 2.5 

5  Silurian 4000 2.35 

6  Ordovician 4300 2.4 

7  Cambrian 4750 2.46 

8  Precambrian basement vertical gradient from 5500 to 6500 vertical gradient from 2.58 to 2.81 

 

Two-dimensional seismic-geological model based on the PL-5400 seismic profile was 160 km long and 15 km deep. Three 

different lithological scenarios for igneous intrusions have been tested, for which petrophysical parameters have been derived 

from the literature: 

1. granite-granodiorite: velocity = 5950 m/s; density = 2.67 g/cm³ (Dortman and Magid, 1969; Plewa and Plewa, 1992) 340 

2. basalt: velocity = 6240 m/s; density = 2.76 g/cm³ (Murase and McBirney, 1973; Brown and Kim, 2020) 

3. dolerite: velocity = 6700 m/s; density = 2.87 g/cm³ (Brown and Kim, 2020). 

The results obtained for each modelling scenario are presented on Figures 10–12. 

Conclusions regarding viability of each lithological scenario were based on comparison of modelled synthetic seismic data 

with real seismic data. The qualitative assessment of the synthetic seismic data relied on observations of the reflection 345 

amplitude resulting from the contrasts in acoustic impedance between the intrusion and the host rock i.e. surrounding 

Precambrian crystalline basement. Fig. 10 illustrates modelling results for the granite-granodiorite scenario, characterized by 

minimum contrast of P-wave velocities and bulk densities between the intrusion and the host rock (Fig. 10A). Due to the very 

weak impedance contrast, the calculated synthetic seismic response from the modelled igneous body is characterized very low 

amplitudes, much lower than on real seismic data (Fig. 10B). It should be stressed here that synthetic data is noise-free while 350 

real data contains seismic noise that can partly obscure the reflection amplitudes from the intrusion. Intrusion imaged by real 

seismic PSTM data (right panel on Fig. 10B), is, despite the noise, characterized by much higher amplitudes than synthetic 

data where intrusion is almost invisible (left panel on Fig. 10B). Observed difference in amplitude characteristics between 

modelled synthetic and real seismic data led us to the conclusion that granite – granodiorite lithology for the inferred igneous 

intrusion should be deemed as very unrealistic. 355 
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Figure 10: 2D seismic modelling for profile PL-5400 - granite-granodiorite scenario. (A) Left - geological model based on interpreted 

PL-5400 profile; right - P-wave velocity model: (1) Cretaceous and Cenozoic: velocity 2200 m/s, density 2.1 g/cm³, (2) Jurassic: 

velocity 2500 m/s, density 2.2 g/cm³, (3) Triassic: velocity 3200 m/s, density 2.23 g/cm³, (4) Permian (Zechstein evaporites): velocity 360 
5000 m/s, density 2.5 g/cm³, (5) Silurian: velocity 4000 m/s, density 2.35 g/cm³, (6) Ordovician: velocity 4300 m/s, density 2.4 g/cm³, 

(7) Cambrian: velocity 4750 m/s, density 2.5 g/cm³, Precambrian basement: vertical velocity gradient 5500–6500 m/s, density 

gradient 2.58–2.81 g/cm³, granite-granodiorite intrusion: velocity 5950 m/s, and density 2.67 g/cm³ (after Dortman and Magid, 1969; 

Plewa and Plewa, 1992); (B) Comparison of synthetic profile and real PreSTM seismic profile. 
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 365 

Figure 11: 2D seismic modeling for profile PL-5400 - basalt scenario. (A) Left - geological model based on interpreted PL-5400 

profile; right - P-wave velocity model: (1) Cretaceous and Cenozoic: velocity 2200 m/s, density 2.1 g/cm³, (2) Jurassic: velocity 2500 

m/s, density 2.2 g/cm³, (3) Triassic: velocity 3200 m/s, density 2.23 g/cm³, (4) Permian (Zechstein evaporites): velocity 5000 m/s, 

density 2.5 g/cm³, (5) Silurian: velocity 4000 m/s, density 2.35 g/cm³, (6) Ordovician: velocity 4300 m/s, density 2.4 g/cm³, (7) 

Cambrian: velocity 4750 m/s, density 2.5 g/cm³, Precambrian basement: vertical velocity gradient 5500–6500 m/s, density gradient 370 
2.58–2.81 g/cm³, basaltic intrusion: velocity 6240 m/s and density 2.76 g/cm³ (after Murase and McBirney, 1973; Brown and Kim, 

2020); (B) Comparison of synthetic profile and real PreSTM seismic profile. 
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Figure 12: 2D seismic modeling for profile PL-5400 - dolerite scenario. (A) Left - geological model based on interpreted PL-5400 

profile; right - P-wave velocity model: (1) Cretaceous and Cenozoic: velocity 2200 m/s, density 2.1 g/cm³, (2) Jurassic: velocity 2500 375 
m/s, density 2.2 g/cm³, (3) Triassic: velocity 3200 m/s, density 2.23 g/cm³, (4) Permian (Zechstein evaporites): velocity 5000 m/s, 

density 2.5 g/cm³, (5) Silurian: velocity 4000 m/s, density 2.35 g/cm³, (6) Ordovician: velocity 4300 m/s, density 2.4 g/cm³, (7) 

Cambrian: velocity 4750 m/s, density 2.5 g/cm³, Precambrian basement: vertical velocity gradient 5500–6500 m/s, density gradient 

2.58–2.81 g/cm³, doleritic intrusion: velocity 6700 m/s and density: 2.87 g/cm³ (Brown and Kim, 2020); (B) Comparison of synthetic 

profile and real PreSTM seismic profile. 380 

 

The results of the seismic modelling used to assess the second lithological scenario of basaltic igneous intrusion are presented 

on Figure 11. In this case, we’ve been dealing also with relatively low P-wave velocity contrast between the intrusion and the 

host rocks of the Precambrian basement, and the contrast is even lower for bulk density (Table 1). As a result, due to 

comparable acoustic impedance of the intrusion and the host rock, the intrusion is characterized by a low amplitude seismic 385 

response (although not as low as in the former case of granite-granodiorite scenario), different from what could be observed 

on real seismic data (Fig. 11B). Taking this into account, basaltic lithology has also been deemed as not viable. 

The third seismic modelling lithological scenario assumed petrophysical parameters typical for the doleritic intrusion (Brown 

and Kim, 2020). Figure 12 illustrates assessment of the dolerite scenario completed using the same methodology as described 
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before. In this case, significant contrast of P-wave velocities and significant difference in bulk densities exceeding 5% of the 390 

background values, resulted in a high-amplitude seismic image of modelled intrusion (left panel on Fig. 12B), comparable to 

amplitude characteristics of real seismic data (right panel on Fig. 12B). Taking this into account, and also the fact that numerous 

wells in the Baltic Basin, including Pasłęk IG-1 deep well located on profiles PL-5400 (Fig. 3) and PL-1200 (Fig. 4), have 

documented the lower Carboniferous dolerite intrusions, it was concluded that dolerite lithology is the most probable 

approximation for the inferred igneous intrusion imaged by PolandSPAN® data within the basement of the Baltic Basin. 395 

4.3 Wedge model 

Apart from lithology, another important parameter that directly influences seismic imaging of inferred deep igneous intrusions 

visible on seismic data are lateral variations of their thicknesses. In order to estimate dominant thickness and its lateral 

variations, analyze the seismic tuning and vertical resolution a wedge model was used based on doleritic lithology to (Fig. 13). 

The geophysical parameters of the wedge that simulates igneous intrusion were consistent with the P-wave velocity and bulk 400 

density used for 2D seismic modelling described above and equaled 6700 m/s and 2.87 g/cm3, respectively (Fig. 12). The total 

length of the wedge is 1000 m, and its thickness changes from 0 to 200 m. The wedge model simulates zero-phase seismic 

data, and the resulting synthetic profile, shown in Fig. 13B, was computed using the full-wave modeling algorithm and 29 Hz 

Ricker dominant wavelet. Fig. 13C shows a graph that includes: (i) predicted normalized amplitude and (ii) apparent and actual 

wedge thicknesses, based on Dowdell's (2020) numerical algorithm. We estimated critical values, such as the onset of tuning 405 

thickness (λ/2) and tuning thickness (λ/4), in accordance with Widess's (1973) criteria, where λ is the dominant wavelength 

(Fig. 13C). 
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Figure 13: Wedge model used to evaluate role of tuning and vertical resolution of seismic imaging of dolerite intrusion. (A) wedge 410 
thickness ranges from 0 to 200 m, and the total length of the model is 1000 m, velocity and density values of the host rock have been 

5687 m/s and 2.73 g/cm3, respectively, and for dolerite wedge 6700 m/s and 2.87 g/cm³, respectively (cf. Fig. 12). (B) Theoretical 

seismic profile obtained by using a zero-phase Ricker wavelet of 29 Hz (cf. Fig. 6, Fig. 7 and Fig. 8). (C) Graph of the tuning curve 

versus apparent and actual wedge thickness. Predicted amplitude displays maximum response at an estimated thickness of 57-58 m. 
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 415 

For intrusion 200 m to 115 m thick, the reflections from the top and base of the wedge could be easily separated (Fig. 13B). 

As the wedge thins to λ/2 thickness, the tuning curve begins to turn upward as reflections from the top and base start to interfere. 

Further thinning of the wedge results in increased constructive interference until it is thinned to a thickness of λ/4 (the tuning 

thickness), at which point the interference reaches its maximum (Fig. 13C). Peak of the tuning curve's indicates the minimum 

thickness of the intrusion that can be resolved seismically which is approximately 57-58 meters (Fig. 13B). Below the tuning 420 

thickness (λ/4), destructive interference between the top and base wedge reflections prevail, and this leads to a substantial 

decrease in amplitude (Fig. 13C). Consequently, the top and base reflections from the intrusion become indistinguishable, 

precluding more detailed thickness estimation of the igneous body from seismic data. 

4.4 Seismic interpretation of inferred deep igneous intrusions 

Final step in this study was detailed interpretation of inferred igneous intrusions imaged by PolandSPAN® data that used as a 425 

reference point results of seismic modelling studies described in previous chapters. It involved three main steps: (i) detailed 

analysis of the reflection amplitude on the pre-stack time migrated (PreSTM) seismic data, (ii) assessment of the intrusion 

thickness based on seismic tuning and the vertical resolution criteria provided by the wedge model analysis, (iii) interpretation 

of intrusion top and base and analysis of its overall geometry. 

Analyzed igneous intrusion are characterized by high amplitude seismic reflectors clearly visible within the Precambrian 430 

crystalline basement, which is typical for igneous intrusions imaged by seismic data (cf. Infante-Paez and Marfurt, 2018). The 

observed seismic reflections indicate that the analyzed intrusion is characterized by the following features: (i) partly lobate 

morphology, (ii) multiple, step-wise arrangements, and (iii) lateral thickness changes. This resembles lower crustal reflector 

system in the northern North Sea (Wrona et al., 2019), and seismic images of igneous intrusions from the North Sea basin 

(Hansen and Cartwright, 2006), from the offshore Norway (Cartwright and Hansen, 2006), and from the eastern Scandinavian 435 

Caledonides (Juhlin et al., 2016). 

As shown in Figures 14–16, the top of the intrusion is related to a positive amplitude reflection (peak), which is indicative of 

an increase in acoustic impedance. The top reflection demonstrates a moderate- to high-amplitude response, accompanied by 

periodic segments of amplification and dimming on variable length scales along the intrusion. These segments are indicative 

of lateral amplitude variations associated with thickness changes. Amplitude response of intrusion top attains its maximum 440 

value at the tuning thickness. This peak is estimated when the intrusion thickness reaches approximately 58 m, in accordance 

with the λ/4 criteria established by Widess, 1973. As a result, reduced amplitude reflectors are expected when intrusion is 

thinner or thicker than this value. 
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 445 

Figure 14: Seismic interpretation of igneous intrusion imaged by profile PL-5400, part 1 (cf. Fig. 6). (A) PreSTM seismic profile with 

detailed interpretation of reflection amplitude and an estimation of intrusion thickness based on seismic tuning and vertical 

resolution criteria obtained from the wedge model analysis (Fig. 13). Three wedge models, calculated using zero-phase Ricker 

wavelet with 29 Hz dominant frequency, demonstrate various seismic responses depending on different sill thicknesses; (B) Part of 

PreSDM PL-5400 profile that illustrates interpreted top and base of the intrusion and its inferred geometry. 450 

 

The seismic image of the intrusion displays a close-to-tuned response over a substantial portion of the intrusion length (Fig. 

14). The base of the intrusion is associated with negative amplitude, usually amplified but in some cases also dimmed, similarly 

to what could be observed for the top intrusion reflector. In areas where the inclination of the intrusion could be neglected, its 

base is often amplified, forming a specific amplified pair with the top reflector. Within the most of the analyzed area, it is 455 

possible to distinguish top and base of the intrusion, usually with some internal reflectivity between them. This suggests that 

the thickness of the intrusion is usually higher than the tuning thickness (λ/4). A reduction in reflection amplitude is often 
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observed in regions where intrusion are thicker, so the amplitude changes as the distance between the top and base reflections 

increases (Fig. 14A). 

The lateral margins of the intrusion can be identified by an abrupt cut-off of seismic amplitudes. In certain regions, an abrupt 460 

decrease of reflection amplitude may be indicative of intrusion lateral termination. In other cases, the zone of reduced 

amplitude corresponds to its tapering thickness. However, the precise position of the tip cannot be determined more accurately 

because its exact shape cannot be resolved seismically (cf. Cartwright et al., 2025). Another salient feature of the intrusion’s 

seismic image is diminishing of amplitude accompanied by a polarity reversal (Fig. 14A). This is frequently observed in 

regions exhibiting substantial lateral variations in intrusion thickness, as illustrated in Figure 14B. Recently, Cartwright et al. 465 

(2025) described similar seismic features characteristics for the Dogger Sill Complex in the Southern North Sea. 

Figure 14 presents results of interpretation of the southwestern part of the intrusion imaged by the PL-5400 profile. The 

intrusion thickness estimation was based on the analysis of the time seismic section (PreSTM; Fig. 14A) and it was verified 

by quantitative observations based on the wedge model (Fig. 13). Because the amplitude response is directly related to intrusion 

thickness, the reflection amplitudes from the top and base of the intrusion could be analyzed using seismic tuning parameters 470 

and thickness values obtained from wedge model simulations. We then compared these results to the depth seismic section 

(PreSDM) and interpreted the top and base intrusion (Fig. 14B). 

As shown in Figure 14A, the amplitude response indicates that interpreted intrusion thickness typically exceeds the maximum 

tuning amplitude (λ/4) and frequently approaches or surpasses the tuning onset (λ/2). The majority of amplified amplitudes are 

observed in the central part of the intrusion. This suggests that the intrusion thickness is significantly reduced in this area. 475 

According to the wedge model, the thickness ranges from 60 to 120 meters, which corresponds to wavelength values between 

λ/4 and λ/2. In other segments, thickness of the intrusion is relatively larger, as evidenced by the partially separated reflectors 

from top and base of the intrusion. Reflection amplitude is only partially amplified, and internal (interfered) reflections are 

observed between the top and base horizons (the red and blue horizon picks in Fig. 14B). In these areas, the estimated intrusion 

thickness generally exceeds 120 meters, locally exhibiting thicknesses of up to 200 meters or even more (Fig. 14B). 480 

The seismic image of the entire intrusion is complex, with several amplitude cut-offs that are indicative of its lateral termination 

or tapering. Additionally, polarity reversals, another indicator of thickness changes, are clearly visible, highlighting areas of 

significant lateral thinning or thickening of the intrusion (Fig. 14A and Fig. 14B). The amplitude cut-off observed in the central 

part of the seismic profile in Fig. 14 indicates the presence of potential steps in the intrusion geometry, which likely manifest 

as abruptly diminished amplitude and sharply reduced thickness. These irregular seismic reflections resemble the characteristic 485 

“step-wise” geometry (cf. Kavanagh and Sparks, 2011; Muirhead et al., 2012; Burgess et al., 2017). However, due to the large 

depth ranges and the lack of well control, the origin of the observed geometries remains unclear and requires further study 

using various intrusion analogues. 
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 490 

Figure 15: Seismic interpretation of igneous intrusion imaged by profile PL-5400, part 2 (cf. Fig. 7). (A) PreSTM seismic profile with 

detailed interpretation of reflection amplitude and an estimation of intrusion thickness based on seismic tuning and vertical 

resolution criteria obtained from the wedge model analysis (Fig. 13). Three wedge models, calculated using zero-phase Ricker 

wavelet with 29 Hz dominant frequency, demonstrate various seismic responses depending on different sill thicknesses; (B) Part of 

PreSDM PL-5400 profile that illustrates interpreted top and base of the intrusion and its inferred geometry. 495 

 

A detailed interpretation of the northeastern part of the intrusion imaged by profile PL-5400 is presented in Figure 15. It reveals 

that intrusion lateral thickness variations are significantly more pronounced than those depicted in Figure 14. In many areas, 

the top and base of the intrusion can be clearly separated, with no evidence of amplitude amplification resulting from the 

seismic tuning effect which means that thickness exceeds the tuning onset (λ/2). In these cases, the estimated thickness of the 500 

intrusion significantly exceeds 120 meters, reaching up to 200 meters (Fig 15A). 
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A polarity reversal indicates significant lateral thinning or thickening. Tapering of the intrusion, local lateral terminations, and 

gradual amplitude fading are clearly visible as an amplitude cut-offs in the seismic image. A significant portion of the intrusion 

displays amplified or dimmed reflection amplitude, indicating that its thickness may fall within the range of λ/4 to λ/2, and is 

considerably influenced by tuning (Fig. 15A). In certain areas, the intrusion thickness approaches or slightly exceeds the 505 

maximum tuning thickness value (λ/4), as evidenced by the strongly tuned amplitudes. In these segments, the intrusion 

thickness can be reduced to approximately 60 meters (see Figs. 15A and Fig. 15B). On the other hand, the interpretation of the 

intrusions is locally unclear because instead of the expected amplitude cut-off associated with intrusion tapering, at some points 

it appears to represent clearly separated top and base intrusion reflections with medium amplitudes. This suggests the existence 

of an even intrusion body of higher thickness exceeding 200 meters. Classic “step-wise” geometries are also visible in the 510 

seismic data (Fig. 15B). 

Profile PL-1200 imaged most complex part of the studied igneous intrusion (Fig. 16). The thickness of the intrusion varies 

considerably laterally, with multiple polarity reversal points and discernible amplitude cut-offs associated with its tapering or 

lateral termination (Fig. 16A). Dimming or local amplitude amplification, particularly when approaching a value of λ/4, is 

indicative of significant variations in sill thickness. In some areas, the sill thickness varies between 60 m and 120 meters. 515 

The top sill reflection is influenced by seismic tuning in broader areas, as indicated by the wedge model, where the sill thickness 

aligns with the λ/4 - λ/2 criteria (Fig. 16A). On the other hand, a significant portion of the intrusion exhibits a reflection 

amplitude that far exceeds the tuning onset (λ/2), with thicknesses ranging from 120 to over 200 meters (Fig. 16B). This is 

especially evident in the central part of the sill. Intrusion features here multiple internal "steps" and small branches from the 

main intrusive body. The interpretation of some of these features remains ambiguous, although the main sill branching could 520 

be clearly observed (Fig. 16B). 
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Figure 16: Seismic interpretation of igneous intrusion imaged by profile PL-1200 (cf. Fig. 8). (A) PreSTM seismic profile with 

detailed interpretation of reflection amplitude and an estimation of intrusion thickness based on seismic tuning and vertical 525 
resolution criteria obtained from the wedge model analysis (Fig. 13). Three wedge models, calculated using zero-phase Ricker 

wavelet with 29 Hz dominant frequency, demonstrate various seismic responses depending on different sill thicknesses; (B) Part of 

PreSDM PL-1200 profile that illustrates interpreted top and base of the intrusion and its inferred geometry. 

 

5 Discussion and conclusions 530 

In this study, we attempted to provide some “educated guesses” on possible interpretation of deep seismic features imaged by 

PolandSPAN® regional deep seismic reflection data within the crystalline basement of the Baltic Basin in northern Poland. 
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These strong amplitude, semi-continues, locally divergent and partly saucer-shaped seismic reflectors are located at depths 

ranging from 6-7 to 19-20 km, are laterally extensive and continue for 100+ km. They were interpreted as seismic manifestation 

of igneous intrusions. Since their depths are far beyond the reach of the deepest well, neither their lithology, nor thickness nor 535 

age could be unequivocally established. Nonetheless, these key elements of their characteristics could be determined with a 

reasonable degree of confidence by the constraints based on results of seismic forward modelling studies and regional 

geological context. Lithology was determined as dolerite, their thickness seems to be ranging from few tens of meters to 200 

meters and more, and their age is most probably early Carboniferous. 

Since the geological evolution of the studied part of the EEC is fairly well recognized thanks to numerous deep boreholes, 540 

phases of igneous activity in the study area and its broad vicinity are also fairly well known. Igneous intrusions known from 

this area could be related to one of these phases: (1) Mesoproterozoic (Calymmian) anorogenic igneous activity at c. 1.54 to 

1.45 Ga, resulting in the development of the AMCG suite (Skridlaite et al., 2003; Krzemińska and Krzemiński, 2017), (2) late 

Ediacaran (c. 580-545 Ma) development of flood basalts of the Volhynia Large Igneous Province (Shumlyanskyy et al., 2016; 

Poprawa et al., 2020; Krzemińska et al., 2022), (4) Mississippian alkaline magmatism in the Lublin-Baltic Large Igneous 545 

Province (c. 352–344 Ma; Poprawa et al., 2024; Krzemińska et al., 2025), and (4) calk-alkaline latest Carboniferous to early 

Permian magmatism (Breitkreuz et al., 2007; Maliszewska et al., 2016; Krzemińska et al., 2021b). 

Association of analysed intrusions with the late Ediacaran and Permo-Carboniferous magmatism is unlikely, since the nearest 

proven appearances of their products are located at least 200 km away from the study area (Timmerman, 2004;  Heeremanset 

al., 2004;  Maliszewska et al., 2016). Analyzed intrusions cross-cut both the Calymmian plutonic rocks as well as their 550 

Paleoproterozoic host rock, therefore, they must be younger than at least the main phase of the AMGC suite development. 

Moreover, dolerite intrusions are not known from the AMCG suite. Finally, similar extensive igneous intrusions have been 

imaged by the PolandSPAN® data also within the Silurian to Lower Devonian sedimentary cover of the Lublin Basin (Fig. 1) 

where they are known to be of an early Carboniferous age (Krzywiec et al., 2024; Poprawa et al., 2024). So, if these two 

systems of intrusions from the Baltic and Lublin basins are genetically connected - which indeed seems very probable - then 555 

they both are younger than Early Devonian. 

Taking all these facts into account, we postulate that an extensive system of intrusions imaged by PolandSPAN® seismic data 

in the deep crystalline basement of the Baltic Basin is of the Mississippian age, as suggested earlier by Mężyk et al. (2019) . 

Several additional arguments could be brought to support such dating. Firstly, their location closely coincides with the shallow 

intrusions of the Mississippian age, encountered in wells from the Baltic Basin, including also Pasłęk IG-1 deep research well 560 

that calibrated PL-1200 and PL-5400 seismic profiles (cf. Motuza et al., 2015; Poprawa et al., 2024). Those intrusions drilled 

by wells are built of dolerites which is coherent with the lithology of deep intrusions derived from seismic modelling described 

in this paper. Finally, deep intrusions imaged by seismic data are located in relatively close vicinity of a few igneous massifs 

in the western part of the Mazury High (Fig. 1B), also dated as Mississippian and being part of the LBMIP (Krzemińska et al., 

2025). All this rather unambiguously points to the Mississippian age of deep intrusions analysed in this paper. 565 
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Our methodology based on combined analysis of regional geological context, seismic data interpretation and detailed seismic 

modelling study proved to be very useful for “educated guessing” of deep igneous intrusions located beyond the reach of wells, 

and could be universally applied for similar studies elsewhere. It however should be remembered that it does rely on several 

assumptions so results should be treated with some degree of caution. 

 570 
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