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Abstract

The Paleoproterozoic suture between Sarmatia and Fennoscandia (SFS), two major components of the
East European Craton, extends SW-ward from Russia through Belarus to SE Poland. The exact
character of this suture remains speculative, despite the results of the wide-angle reflection and
refraction (WARR) soundings. Here, we show results of newly reprocessed deep reflection seismic
data of the PolandSPANT survey, portraying the whole crust and uppermost mantle in SE Poland.
Their interpretation is supported by the unsupervised clustering of seismic reflectivity patterns. From
the integration of PolandSPAN™ data with both magnetic and WARR data, we conclude that the SFS
cannot be interpreted as a localised lithospheric discontinuity coincident with the Minsk Fault. Instead,
we observe a so-called diffuse cryptic suture zone, c. 150 km wide, where materials from two
colliding plates are mixed over large distances to form a unified continental crust. The suture-related
reflections are interpreted as a thrust-wedge rooted at the lower-middle crust interface underneath the

Ivanowo-Borisov zone. We support Bogdanova et al. (2015) view that the Okotowo-Holeszow Belt
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and Belarus-Podlasie Granulite Belt have affinities to the NW margin of Sarmatia. We interpret both

units as belonging to the diffuse SFS.

Keywords: East European Craton, Sarmatia, Fennoscandia, Suture, Precambrian, Paleoproterozoic,

Collision, Seismic reflection, Crustal structure



1. Introduction

Paleoproterozoic collision of Fennoscandia with Sarmatian and Volgo-Uralian crustal segments
formed the East European Craton (EEC) (Bogdanova et al. 2008). After the amalgamation, the EEC
has never undergone the complete disassembly, but its size and shape have changed during several
successive extension-compression cycles along its margins (Bogdanova et al., 2005a; Gee and
Stephenson, 2006). The Precambrian crystalline basement of the EEC is covered with a thick sequence
of late Proterozoic and Phanerozoic sedimentary strata that deepens towards the Teisseyre-Tornquist
Zone (TTZ) (Mtynarski, 1982; Grad and Polkowski, 2016; Mikotajczak et al., 2019) exceeding the
reach of densely-spaced deep research wells in this area (Krzeminska et al., 2017). This fact makes the
geophysical methods crucial for drawing inferences about the crustal structure. The newly compiled
total intensity magnetic anomaly map for the whole Poland (Petecki and Rosowiecka, 2017) depicts
many short-wavelength anomaly variations in the EEC area that correlate well with tectonic units and
magmatic intrusions in the Precambrian basement. The gravity anomaly map (Bielik et al., 2006)
presents this province in a less heterogeneous way consisting of several gravity domains within which
Bouguer anomalies tend to decrease at the EEC margin (e.g. Pomeranian Low, Podlasie Low, Lublin
Low) or increase where a high crustal density of mafic rocks or metamorphic belts are present (e.g. the
Mazury-Mazovia High and the Podlasie High, respectively). The crustal configuration of the SW
margin of the EEC was also extensively explored using wide-angle reflection/ refraction (WARR)
soundings (Grad et al., 2006a; Janik et al., 2009; Guterch et al., 2010), portraying relatively simple,

three-layer, cratonic crust.

In 2012, the marginal part of the EEC in Poland was covered by an unprecedented network of ten
PolandSPAN™ deep reflection seismic profiles (with a total length of 2200 km) that advanced our
understanding of the sedimentary history, tectonic architecture, and basement structure of the lower
Palaeozoic shale basins (Krzywiec et al., 2013). Seismic interpretation of these profiles served as
constraints for potential field modelling that led to a new interpretation of the TTZ (Mazur et al., 2015,
2016a) and Polish Caledonides (Mazur et al., 2016b). Moreover, PolandSPAN™ data allowed to
redefine the extent of Variscan deformation (Krzywiec et al., 2017a, b; Mazur et al., 2020) and prove

that crystalline basement in SE Poland underwent substantial extension in the Neoproterozoic
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(Krzywiec et al., 2018). Malinowski (2016) proved that the PolandSPAN™ data can be reprocessed to
cover the whole crust. Mgzyk et al. (2019) reprocessed several profiles from NE Poland to image the
deeper crust and the crust-mantle boundary by applying the extended correlation method (Okaya and
Jarchow, 1989). The strong mid- to lower crustal reflectivity along these reprocessed PolandSPAN™
profiles was interpreted as kilometre-scale S—C’ shear zones invoking ductile extension of a hot
orogenic crust during Svekofennian orogeny (Mgzyk et al., 2019). The similar lower crustal
reflectivity patterns were also detected along regional deep-seismic profiles acquired at this area, such
as the POLCRUST-01 (Malinowski et al., 2013, 2015) and the reappraised profile VIII across the
Pripyat Trough (Juhlin et al., 1996) or reported by the BABEL Working Group (1993) and FIRE deep-

seismic program (Kukkonen and Lahtinen, 2006) in the Baltic Sea and Finland, respectively.

Here, we apply extended correlation processing to a subset of the PolandSPAN™ data located in SE
Poland that are oriented perpendicular to the TTZ (dip profiles: 5000, 5100, 5200) and parallel to the
TTZ (strike profiles: 1000, 1100) with a total length of ~ 1000 km. These new seismic reflection data
complement our earlier research on the Fennoscandian-affinity crust in NE Poland. Altogether they
allow for a better description of the long series of tectonic processes that led to the formation of the
mid- to lower crust in the marginal part of the EEC, which turns out to be not so homogenous as
commonly assumed based on deep refraction data. The key questions we would like to see resolved
are as follows: (i) is a tectonic suture between the Fennoscandian and Sarmatian segments
recognizable in the crustal reflectivity patterns? (ii) does the purported suture represent a localised
zone that separates two continental terrains with a dissimilar pre-collisional structure or rather
embrace an array of intercontinental high-strain zones? We start with the geological background and
proceed further with a brief explanation of the processing steps including a novel clustering-based
seismic attribute meant for enhancing deeper reflectivity and facilitating the interpretation process.
Finally, we present the new results and integrate them with the existing geological observations to
provide preliminary interpretation addressing the above key questions regarding the crustal structure

of the EEC margin across the junction between Sarmatia and Fennoscandia.

Our concepts build upon earlier work by Svetlana Bogdanova, whose research has greatly contributed

over the past decades to a better understanding of the structure and evolution of the EEC. Several



international collaborations (e.g., Bogdanova et al. 2008, 2015, 2016), including EUROBRIDGE deep
seismic sounding project (Bogdanova et al., 2001, 2006), laid foundations to resolve the deep crustal
architecture of the craton. We further develop the recent concepts by Bogdanova et al. (2015, 2016)
regarding the location of a cryptic tectonic suture between Sarmatia and Fennoscandia and confirm a

diffuse nature of this tectonic boundary that is probably situated farther north than previously believed.

2. Tectonic Setting and Crustal Structure

The most widely adopted tectonic model for the crustal evolution of the EEC is a three-unit
configuration suggested by Bogdanova (1993) and Bogdanova et al. (1996, 2001). According to this
scheme, the EEC was formed as a result of Paleoproterozic successive amalgamation of three initially
independent crustal segments i.e., Fennoscandia to the northwest, Sarmatia to the south, and Volgo-
Uralia to the east (e.g., Bogdanova et al., 2016). Each of the segments is characterised by differences
in crustal structure, lithology, and age of crust-forming processes spanning from the Archaean to the
Paleoproterozoic (Bogdanova et al., 1996). The Sarmatian crustal segment is built up of several
Archaean proto-cratonic terranes formed between c¢. 3.7 and 2.7 Ga and the Paleoproterozoic belts
accreted between 2.2 and 1.9 Ga (Bogdanova et al., 2006). The terranes of Fennoscandia are all
younger than 2.0 Ga as they were formed during the Paleoproterozoic Svecofennian orogeny, which
involved the accretion of several microcontinents and island arcs (Lahtinen et al., 2009). The
crystalline basement of the EEC in Poland belongs to the SW Fennoscandia and the adjacent NW
Sarmatia (Fig. 1). The junction between these two amalgamated segments begins in Poland (Fig. 1),
where the marginal part of the EEC is bounded to the SW by the TTZ, a tectonic zone separating
thinner crust underlying the West European Palaeozoic Platform from the thick crust of the EEC (e.g.,

Guterch and Grad, 2006, Guterch et al., 2010).

The junction between Fennoscandia and Sarmatia prolongs northeast up to Belarus as the Central
Belarus Suture Zone that comprises several tectonically different rock complexes such as the Belarus-
Podlasie Granulite Belt (BPGB), Okotowo-Holeszow Belt (OHB), and Ivanovo-Borisov Zone (IBZ)
(Fig. 2). The former comprises mostly Palaeoproterozoic (1.90-1.87 Ga) metaigneous, mature-arc-
related granulites (Bibikova et al., 1995; Skridlaite and Motuza, 2001; Bogdanova et al., 2006), and

5



high-grade metasediments (Bogdanova et al., 2001; Taran and Bogdanova, 2003). In contrast, the
OHB contains mafic and ultramafic igneous rocks of oceanic island-arc affinity, while the IBZ is
composed of juvenile metasediments and metavolcanic rocks dated at ¢. 1.98 Ga (Bibikova et al.,
1995). The south-easternmost EEC basement unit in Poland, the Osnitsk—Mikashevichi Igneous Belt
(OMIB) (Fig. 2), represents an active continental margin along the NW edge of Sarmatia developed by
Andean-type subduction of oceanic crust at 2.0 — 1.95 Ga (Bogdanova et al., 1996; Claesson et al.,
2001). This youngest orogenic belt of Sarmatia contains granitoid massifs emplaced at ¢. 1.98 to 1.95
Ga as well as inclusions of mafic and felsic metavolcanic and hypabyssal rocks dated at 2.02 Ga
(Shcherbak et al., 2002). The NW section of the study area embraces two Fennoscandian crystalline

basement units (Bogdanova et al., 2015, 2016): the Mazowsze Domain (MD) and Dobrzyn Domain
(Fig. 2).

During the subsequent craton evolution, the suture between Fennoscandia and Sarmatia underwent
reactivation by faults bounding the various belts and domains that were inferred as related to post-
collisional extensional tectonics between c. 1.80-1.74 Ga and 1.71-1.67 Ga (Bogdanova et al., 2006).
The suture zone was also overprinted by the Meso-Neoproterozoic Volhyn—Orsha Aulacogen that
occupies the area, where the magnetic reconnaissance (Skridlaite and Motuza, 2001; Petecki and
Rosowiecka, 2017; Milano et al., 2019) has indicated the presence of large lens-shaped, mainly NE-

trending structures in the crystalline basement (Fig. 3).
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Figure 1. Precambrian tectonic complexes of the East European Craton. The red rectangle shows the
study area. Modified from Bogdanova et al. (2016).
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Figure 2. Location of the PolandSPAN™ seismic profiles (yellow lines) on the background of a
simplified geological map of the East European Craton crystalline basement units (after Krzeminska et
al., 2017). TTZ — Teisseyre—Tornquist Zone. Locations of WARR profiles CEL01, CEL02, CELO03,
CELO5, CEL11, CEL13, CEL21, LT3, and LT5 are marked as thin black lines. The red dot indicates
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where the part of the profile 1100 analysed in this study begins. The location of the POLCRUST-01
deep reflection seismic profile (Malinowski et al., 2013) is marked in green.

Concurrently with the crustal extension, the magmatism, retrograde metamorphism as well as the
emplacement of large AMCG plutons at 1.80-1.74 Ga in Sarmatia, and between ¢. 1.6 Ga and 1.50 in
Fennoscandia substantially influenced the structure of the accreted Palaeoproterozoic terranes and

generated a high-velocity layer at the base of the crust (Bogdanova et al., 2006).

Figure 3. Location of the PolandSPAN™ seismic profiles on the background of a total magnetic field
anomaly map of SE Poland (reduced to pole) (data compilation by S. Mazur).

3. Data and methods

3.1 Processing

In this paper, a subset of five PolandSPAN™ profiles (three dip ones: 5000, 5100, 5200 and two strike
ones: 1000, 1100) with a total length of ~ 1000 km, transecting major geological units in SE Poland,
was reprocessed based on the extended-correlation method of Okaya and Jarchow (1989). Please note
though, that in the following only four profiles are presented (5100, 5200, 1000, 1100), since the
profile 5000 is relatively short, as well as it coincides with the already interpreted POLCRUST-01
profile (Malinowski et al. 2013, 2015). Acquisition parameters and the full processing sequence have
been already described in the earlier study (Mezyk et. al, 2019) and here we follow the same

workflow. In brief, prior to regular seismic processing, the raw data were correlated with a ground
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force averaged for every Vibroseis point (VP) in order to increase the nominal record length from 12
to 22 s. The correlation process compressed the recorded raw data preserving the full bandwidth (2-
150 Hz) for the original record length but limiting a maximum frequency to 57.5 Hz at 22 s of
extended time. Further on, we repeated the previously established processing sequence that was
focused on the middle to lower crust and the upper mantle depths. It included, among others, the
estimation of the refraction static corrections based on the first-break picks derived with an in-house
neural-network-based algorithm (Mezyk and Malinowski, 2019). For the NMO-DMO corrections, we
used original ION Geophysical root-mean-square (RMS) velocity models after pre-stack time
migration (PSTM). After the DMO stack, the coherence of the signal along the seismic sections was
considerably improved with a tuned linear dip filtering (Calvert, 2004). Finally, we migrated the data
with a simple F—K (Stolt) algorithm and converted the final result to the depth domain. A velocity
model for depth conversion was merged from two different sources along the interpreted basement
reflector: the pre-stack depth migration (PSDM) velocities provided by ION Geophysical for the upper
section and the crustal velocity model for Poland derived from WARR data (Grad et al., 2016) for the

lower section.

3.2 Clustering of seismic reflectivity patterns

Conventional seismic attributes play an important role in detecting and characterizing the geological
structures in the subsurface (Marfurt, 2018). However, the growing number of proposed attributes
might pose a problem in deciding which of these attributes are best applied in the particular case or
even if they are mutually independent (see e.g. Infante-Paez and Marfurt, 2019). The problem is even
more complex when one interprets large datasets (e.g. long 2D regional crustal-scale profiles), which
require a series of manual adjustments to match the expected amplitude range of bandlimited
reflectivity for visualisation and interpretation purposes. It might be the reason, why seismic attributes
are only rarely used in the interpretation of crustal-scale reflection seismic data (Torvela et al., 2013).
Here we evaluate the possibility of the automatic classification of crustal reflectivity patterns based on
seismic attributes and unsupervised clustering. Our workflow is outlined in Fig. 4 and consists of the

following steps.
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Figure 4. Flow diagram illustrating an unsupervised clustering of crustal reflectivity patterns based on
seismic attributes. (a) Set of data matrices containing seismic data and their derivatives (B-G). (b)
Combined feature matrix constructed by placing all amplitude and attribute values column-wise. (c)
Feature matrix of (b) that underwent the compression using deep learning. (d) Planar representation of
the deep-embedded features. (e) Planar representation of cluster centroids obtained with two-step
clustering approach. Dots correspond to the location of k-means centroids that are consecutively fed
into a hierarchical clustering algorithm to determine the major centroids (rectangles). (f) Scatter plot of
(d) after cluster allocation using the centroids derived in (e).

First, we perform conventional seismic attribute analysis to select a few attributes that are valuable in
the context of the significant and coherent anomalies they highlight (Fig. 4a, data matrices A-G).
Towards this end, we select the following properties: seismic amplitude separated into positive and
negative parts, chaos or seismic disorder attribute (Chopra and Marfurt, 2016a), Grey-Level Co-
occurrence Matrix (GLCM; West et al., 2002; Di and Gao, 2017), local structural dip, spectral
decomposition at 20 Hz (Chopra and Marfurt, 2016b), and sweetness (Hart, 2008). The selected
features not only provide basic information on seismic energy and frequency content but are also
helpful in examining the reflectors' geometry, continuity, and shape at different scales. We also
consider the seismic velocity used for the depth-conversion as a separate attribute. Then, we create a
combined feature matrix (Fig. 4b) in such a way that for each i-th sample from the j-th seismic trace

and each feature (attribute) we collect two values: the actual value (dark grey in Fig. 4b) and an RMS
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value averaged over a 3x3 window centred at this matrix element (light grey in Fig. 4b). Such
conditioning improves the data representation. Please note, that we do not compute RMS values for
the velocity field as it is already smooth enough. Therefore, each i-th sample is described by fifteen
different values (features) corresponding to eight seismic attributes. Subsequently, the feature matrix
undergoes the standardization and scaling process to be encoded (through the deep-neural network)
into the dimensionally-reduced feature matrix composed of only two embedded components (Fig. 4c,
H; and H, components). Then, we retain only those samples of the H; and H, components that are
located below the crystalline basement and perform a two-step unsupervised clustering. Initially, the
encoded data are fed into the k-means algorithm (Jain, 2010) in order to reduce the number of
processed samples by defining a large number of data groups (here we use ten thousands) gathering
the samples that are most similar in terms of the embedded feature values (Fig. 4e, black dots). The k-
means algorithm is suitable for clustering large datasets, but it tends to output relatively even-sized
clusters, which we find as a suboptimal final solution to our problem concerning the grouping of
seismic data that are locally very heterogeneous. Thus, to efficiently derive the main clusters that are
not affected by random initialization and differ in the number of sample members, we consider the x-
and y-coordinates of the cluster centroids established in the first step as our new set of features to be
clustered again with agglomerative hierarchical clustering (AHC) algorithm (Day and Edelsbrunner,
1984). We determine the appropriate number of the main superclusters (here we aim for seven of
them) by analysis of the series of clustering results and their dendrograms illustrating how the larger
clusters evolve by the successive merge of sub-clusters. The combination of these two clustering
methods allows for fast and reproducible segmentation of seismic sections, even if data volumes (i.e.
feature matrices) are large (such as in the case of PolandSPANT™ data). Moreover, the multi-step
clustering routine can be easily implemented with open-source machine learning libraries, like for
instance scikit-learn (Pedregosa et al., 2011), and modified with other available clustering algorithms
besides k-means. More details on the implementation of our algorithm can be found in Mgzyk and
Malinowski (2020). Once the two-step grouping is completed, each seismic sample is assigned to a
certain supercluster. When it comes down to the final plotting, the replacement of amplitudes in the
seismic section with the supercluster’s membership number allows to highlight the crustal-scale

reflection distributions and investigate the complexity of geological structures better across the seismic
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profiles without tedious tweaking of amplitude limits for visibility purposes. Fig. 5 shows how the
separability of clusters can be used as both visual and quantitative aid for the characterization of
different portions of the seismic section regarding the used features and their distributions. What is
more, the incoherent reflectivity can be discarded in the clustered sections indicating denoising
capabilities of clustering when applied to seismic data (cluster VI in Fig. 5 can be considered as a

denoised or reflection-enhanced section).
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It is also feasible to characterize the seismic samples within a single defined cluster in a similar way as
shown in Fig. 5 by rerunning the two-step clustering procedure of the initial feature matrix limited to
the samples that constitute the selected cluster, like for instance the cluster VI representing the most

reflective and useful part of the data used in this study.

4. Results

The final migrated depth-converted sections are presented in Figures 6 — 9 with a smoothed amplitude
envelope as a colour background. The latter along with the corresponding results of clustering aims to
enhance the information on the printing scale of the sections and facilitate interpretation. As a whole,
the reprocessed profiles illustrate broad regional patterns of reflectivity from the uppermost crust to
the base of crust including dipping mantle reflections. The relative lateral continuity of deep
reflections as well as the signal penetration limit was inferred from the amplitude decay curves
generated for samples classified under the reflectivity cluster VI (Fig. 4 and 5). Subsequently, the
computed curves were grouped in terms of their crustal affinity (according to the tectonic sub-division
presented in Fig. 2) and pre-processed by RMS averaging to produce curves representing the mean
amplitude decay within five different crystalline basement units (Fig. 10 a-b). Besides the amplitude
decay curves, we present the corresponding depth-distributions of samples averaged in 1 km intervals
that constitute the cluster VI (Fig. 10 a’-b’). These distributions allow to assess the overall reflection
content at various depth levels and perform the comparative analysis between various crustal units,
irrespective of the amplitude levels/thresholds. In the following, we provide an overview of the main

features observed in the collected data.
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Figure 7. Final migrated depth-converted section along PolandSPAN™ profile 5100. (a) Plot of
positive amplitudes with amplitude envelope attribute in the background; (b) Plot of clustered
reflectivity section, where samples were replaced with the cluster’s membership number. Colours

correspond to clusters shown in Fig. 4 and 5.
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ratio of the samples belonging to cluster VI to the total number of samples assigned to the given crustal unit
and depth interval. It expresses the concentration of desired data points along the 1 km depth intervals.

The upper crust reflectivity is dominated by dense sedimentary reflectors and an acoustically strong
basement. Their continuity is considerable and maintained almost entirely along the transects with some
exceptions (e.g., 5100 at SW dipping sedimentary basement and CDP 8000-10500, Fig. 7). These strong
upper crustal reflectors are also accompanied in places by large poorly reflecting or even transparent zones
mostly below the sedimentary basement (e.g. 5200 at 4-8 km and CDP 10000-14750, Fig. 6; 5100 at 5-11
km and CDP 9500-11000, Fig. 7; 1100 at 5-8 km and CDP 7500-20000, Fig. 8). The distribution of the
values of the different attributes (features) in various clusters (Fig. 5) also indicates low textural uniformity

within those zones, due to the high GLCM energy and chaos value. The mid-to-lower crust exhibits more
19



diffuse reflection patterns that vary in terms of their intensity and configuration. The sharp reflectors are less
frequent and start to be discontinuous at these depths, but they are not chaotic. In the clustered sections, the
mid-to-lower crustal reflectivity constitutes the majority of samples classified under the black-coloured
cluster VI that features strong and intermittent reflections with a high content of frequency around 20 Hz
(Fig. 5). In the 5200 profile, they tend to consistently dip in the NE direction (opposed to the sedimentary
basement) at an angle around 12 degrees until they reach a highly reflective zone, where they flatten out
(Fig. 6). The presence of these zones, marked in a depth range of 20 to 35 km, is even more pronounced as
they are located just below the aforementioned transparent spots. It is also worth noticing that they are in
close vicinity of the areas, where the profiles 5200 and 5100 crosses with the strike profile 1100. The latter is
characterized by a rich collage of mid-to-lower crustal reflections that can be followed across a 200-km long
segment in the centre of the profile 1100. Within this segment, once again we observe the change from SE
dipping to subhorizontal reflectors extended over a larger area (Fig. 8). The analysis of the overall
intracrustal configuration of reflectivity in the profile 1000, parallel to the line 1100, shows large
acoustically-transparent zones that prolong from the sedimentary basement to the deeper parts of the section,
indicating a gradual transition from crustal to mantle rocks. Besides that, the reflectors of the profile 1000
seem to dip towards the southeast with a tendency to level off slightly to the north. The transition between
the generally reflective lower crust and the transparent uppermost mantle (e.g. 1100 at CDP 8000-9000, Fig.
8) or the band of stronger reflectivity (e.g. 1100 at CDP 12000-14000, Fig. 8) allows for delineation of the
Moho boundary that undulates between 40 and 48 km in SE Poland and indicates a sudden reflectivity drop.
The Moho can also be inferred from the amplitude decay curves and the distributions of the samples within
the cluster VI as a highly noticeable temporary deviation in amplitude and relative frequency, respectively, in
the depth interval from 40 to 45 km (Fig. 10). However, due to insufficient signal penetration, the amplitude
signature of the crust-mantle transition zone might be very subtle or hardly distinguishable, like for instance
in the amplitude decay curve calculated for the IBZ or MD unit (Fig. 10 b and e, respectively). The Moho-
related effects that are seen on the relative frequency distributions of samples classified as reflective ones
(cluster VI) (Fig. 10 a’-b’), except for the distribution calculated for the MD, expose a significant decline in
the number of these samples at a depth of c. 45 km. In general, the histograms show a rapid increase in the
number of samples belonging to cluster VI (most pronounced reflectivity) that continues from the upper crust

down to ca. 30 km, whereby it stabilises at the high level and starts to decrease until it reaches the local
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minimum placed around depths of 35-40 km that relates to the base of the lower crust just above the Moho
discontinuity. It interesting to note here that one-third of the total number of samples classified as strongest
reflections (cluster V1) are found both in the depth interval of 15-30 km and 30-45 km. Although the explicit
depletion in reflectivity is expected below the Moho, the relative frequency of reflections within the BPGB
crustal unit is the highest when compared to other units. As far as the sub-Moho reflectivity is concerned, the
stronger and dipping reflectors (e.g. 5200 at CDP 1000-2000, Fig. 6; 1100 at CDP 22000-23000, Fig. 8; 1000
at CDP 19000-21000, Fig. 9) seem to be real, but the hyperbolic ones are most likely related to processing
footprints (e.g. migration artefacts). Furthermore, the cluster analysis at this depth reveals a group of weak
and steeper reflections (outlined in light blue in Figs. 6 — 9b) that, for instance, might be evidence for the

residue of ancient subduction within the upper mantle.

5. Interpretation and discussion

To understand the geometry of the Paleoproterozoic Sarmatia-Fennoscandia Suture (SFS) at the SW margin
of the EEC, four PolandSPAN™ seismic profiles (5100, 5200, 1000, 1100) were utilized for the structural
interpretation supported by overall geological and geophysical information, referred to in the previous
sections. These interpreted profiles (Figs. 11 — 12) show that the deep structure of the EEC at the suture zone
fundamentally differs from a ‘simple’ three-layered crystalline crust inferred from the WARR compilation
by Majdanski (2012). When combined with the consistently reprocessed and already published
PolandSPAN™ profiles in NE Poland (Mezyk et al., 2019), they allow for a comprehensive redefinition of

previously established crustal models in the marginal part of the EEC.

In the convergence area, the oblique collision of Sarmatia and Fennoscandia resulted in a widespread NNW-
vergent transpression that in turn led to kinematically complex re-arrangement of the Archean and
Paleoproterozoic upper lithosphere (Bogdanova et al., 2005a; Lahtinen et al., 2005). According to the
previous studies (Bogdanova et al., 1996, 2006; Taran and Bogdanova, 2001), the boundary between these
two crustal segments is defined by a major lithospheric discontinuity in the EEC — the Minsk Fault (Fig. 2).
The seismic images in this paper, however, show no evidence of a such large thrust-like structure in SE
Poland that would extend to the Moho or explicitly separate the amalgamated crustal units. Instead, we
observe a so-called diffuse cryptic suture zone, where materials from two colliding plates are mixed together
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over large distances to form a unified continental crust. A similar type of collision zone, formed as the result
of the Trans-Hudson Orogeny, was already recognized in the Canadian Shield by White et al. (2005). In SE
Poland, it is especially well illuminated on the profiles perpendicular to the N and NNE-trending shear
zones, i.e. profiles 1000 & 1100 (Fig. 12). The analysis of reflection packages along the latter with regard to
their crustal affiliation indicates that lithospheric shortening intensively affected the units straddling the
boundary between Fennoscandia and Sarmatia— the IBZ, OHB, BPGB down to the top of the lower crust.
This ¢. 150 km wide zone represents a series of wedge-shaped blocks of the upper lithosphere that dip to the
southeast at a low-angle beneath Sarmatia. The SE polarity of reflections is thought to be a consequence of
the SE-directed fossil subduction of an oceanic plate beneath the continental segment of Sarmatia (Taran and
Bogdanova, 2001). The relicts of the subducted crust followed by the collisional stacking might have caused
the crustal thickening in the vicinity of the SFS, where the lower crust is poorly resolved and some dipping
reflections emerge at the depth larger than it can be deduced from interpolation of the adjacent Moho
reflections. The SFS zone is surrounded by the most reflective Moho boundary in the all reprocessed
profiles, which is seen along the line 1100 in the CDP range 12500 — 14000 and tracked farther south or
north at a similar depth (i.e. 43 km). The segment of the line 1100, constrained by the intersections with the
lines 5100 & 5200, is characterized by the leading plate margin uplift above the trailing footwall ramp of the
Fennoscandian thrust sheet that immediately underlies the Sarmatian plate. This site is also represented by
the prominent magnetic anomalies that strike in the NNE direction (Fig. 3) up to Belarus and Baltic countries
(Skridlaite and Motuza, 2001). Similar deformation zones dipping to SE were found by Trofimov (2006) in
the adjoining Volgo-Uralia crustal segment and explained as the result of the 1.85-1.80 Ga reworking of the

Archean and Paleoproterozoic rocks (Bogdanova et al., 2005b).
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Figure 11. Final migrated depth-converted sections along
PolandSPAN™ profile 5100 and 5200 with its tentative
interpretation. Bars atop the section are colour-coded according
to the crystalline basement lithologies following Krzeminska et
al. (2017) (see a legend). The magnetic profile at the top is
extracted from the magnetic anomaly map (Fig. 3). The solid
and dashed black lines delineate NE dipping major reflection
fabrics and some weaker SW dipping crust reflections,
respectively, which we infer from the data. SW-dipping
reflectors in the SW section of profile 5100, potentially
corresponding to low-angle normal shear zones, are highlighted
in magenta. The black dotted line is the Moho boundary taken
from the WARR compilation by Majdanski (2012). The dashed
blue and red lines represent the top of the lower crust and Moho
boundary, respectively, interpreted from reflection data. BPGB -
Belarus-Podlasie Granulite Belt, IBZ - Ivanovo-Borisov Zone,
MD — Mazowsze Domain, TTZ - Teisseyre-Tornquist Zone, F —
fault.
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Figure 12. Final migrated depth-converted sections along PolandSPAN™ profile 1000 and 1100 with its tentative interpretation. Bars atop the section are colour-coded according to
the crystalline basement lithologies following Krzeminska et al. (2017) (see Fig. 11 for a legend). The magnetic profile at the top is extracted from the magnetic anomaly map (Fig.
3). The solid and dashed black lines delineate SE dipping major reflection fabrics and some weaker NW dipping crust reflections, respectively, which we infer from the data. The
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Osnitsk—Mikashevichi Igneous Belt, SFS — Sarmatia-Fennoscandia Suture, TTZ - Teisseyre-Tornquist Zone.
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Parallel to the suture zone, the dip profiles 5100 and 5200 depict highly reflective concave shapes
bounded mostly by the reflectors in the middle crust within the IBZ and the BPGB unit, respectively.
What is more, the line 5100 coincide with the refraction profile CEL05 (Fig. 2), along which Grad et
al. (2006b) reported the spatial heterogeneity of P-wave velocity within the crust and upper mantle
boundary in the close vicinity of the SFS. Although the profiles are c. 100 km apart, their NE parts
tend to dip in the common direction at the angle range between 10 and 15 degrees. The puzzling
feature of the crust across the SW part of the profile 5100 is another crustal thickening, but this time in
the vicinity of the TTZ. The change in the dip of the overall reflectivity might be evidence of crustal

stretching related to Ediacaran rifting.

The reprocessed profiles indicate that the crustal thickness in SE Poland varies between 40 and 48 km
with a typical value around 43 km, which is slightly higher than the average value of 40 km observed
in the northeast PolandSPAN™ data (Mezyk et al., 2019). The interpreted reflection Moho is in good
agreement with the WARR Moho (depicted as a red dashed and black dotted line in Figs. 11-12,
respectively), except for a few instances. The largest discrepancy occurs in the intersection of the line
1100 with the dip profiles as well as in the vicinity of the TTZ along the line 5100. However, it should
be stressed here that we used reflection-derived velocities at shallower depths in the time-to-depth
conversion to accommodate the poorly resolved sedimentary cover in WARR models. The Moho
boundary is also visible at a depth of ¢. 45 km as the instant drop in the number of the reflections
extracted and grouped according to their crustal affinity in the clustering process (Fig. 10b). The
distribution of these histograms indicates the major accumulation of reflectivity in the middle crust,
which is surprisingly similar to the histogram of reflection density obtained for the average
metamorphic-assemblage crust by Christensen and Mooney (1995, their fig. 18). The authors stated
that the abundance of the major reflections at mid-crustal depths originated in their case from the large
contrasts in acoustic impedance of amphibolite vs granitic gneiss and tonalitic gneiss. According to
Bogdanova et al. (2006), lower crustal granulites underwent juxtaposition with upper and mid-crustal
amphibolite-facies rocks in the region between the Baltic and Ukrainian shields. The presence of the
granulites instead of the gneisses in the lowermost crust of the EEC overlain by amphibolites might

still pose a highly reflective boundary and be an explanation for the anomaly in the described
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histograms. Furthermore, the comparative analysis of the distribution curves shows the shallower peak
of the reflectivity in the upper OHB crust (Fig. 10b), which can be inferred to indicate the location of
the uplift in the leading margin of the Sarmatian plate and mark the termination of the SE dipping

thrust-wedge in the upper crust.

Our seismic data are inconsistent with the Minsk Fault (dividing the OHB and IBZ; Fig. 2) as a
localised suture between Sarmatia and Fennoscandia as it was earlier postulated based on the
EUROBRIDGE'97 seismic profile (Taran & Bogdanova, 2001; Bogdanova et al., 2001, 2006, 2008;
Janutyte et al., 2014). The continuation of such a suture in the territory of Poland would be represented
by the Hanna Fault (Krzeminska et al., 2017). We do not support an alternative interpretation either
that places the suture farther south, southeast of the Lublin Basin (Narkiewicz et al., 2011). This
concept based on the interpretation of the CELEBRATION 2000 seismic experiment points to the NW
edge of the so-called Narol Block as the hypothetical suture zone (Narkiewicz et al., 2011). There is a
narrow zone of strongly thickened crust, visible in the CELO3 and CEL14 profiles, with the Moho
discontinuity below 52 km (Janik et al., 2005). Instead, our seismic data agree with the new model by
Bogdanova et al. (2015, 2016), who no longer regard the OHB and BPGB as parts of or closely related
to Fennoscandia. The reason is that at 2.0-1.95 Ga the OHB and BPGB underwent an evolution
similar to that of the NW margin of Sarmatia (Bogdanova et al., 2015). In profiles 1000 and 1100, the
main bundle of reflectors, potentially representing a Paleoproterozoic suture zone, is rooted at the
lower-middle crust interface underneath the IBZ (Fig. 12). They gradually ascend upwards throughout
the middle and upper crust beneath the OHB and BPGB to reach the top of the pre-Neoproterozoic
basement near the boundary between the OHB and BPGB (Fig. 12). Some other reflectors ascend to
the base Neoproterozoic unconformity as far north as the boundary between BPGB and MD (Fig. 12).
The latter corresponds to the Grodno-Bialystok deformation zone marking a notable discordance
between the tectonic domains of Fennoscandia on one side and the BPGB and OHB on the other. Very
consistently, the NE-trending Grodno-Bialystok deformation zone, which defines the north-western
limit of the BPGP, obliquely truncates the essentially NW-SE-trending array of various Fennoscandian

belts and domains, which are bent and displaced in the vicinity of this boundary (Bogdanova et al.,
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2015). Integrating the model proposed by Bogdanova et al. (2015) with our seismic data, the entire

BPGB and OHB can be considered a diffuse suture between Fennoscandia and Sarmatia.

After the amalgamation of Fennoscandia and Sarmatia about 1.82-1.80 Ga (e.g., Bogdanova et al.,
2008, 2015; Shumlyanskyy et al., 2012), the collisional suture between the two was reactivated by a
continental rift system (Bogdanova et al., 1996) that played a significant role in the development of the
Neoproterozoic sedimentary basin within the Lublin sector of the EEC margin (Poprawa and
Pacze$na, 2002; Pacze$na 2014; Poprawa et al., 2020). In SE Poland and Volyn, Neoproterozoic
rifting was accompanied by volcanism that produced lava flows and pyroclastic rocks revealing the
geochemical signature of continental basalts (Pacze$na, 2014). Volcanic eruptions occurred between
588.0 = 8 Ma and 551.0 = 4 Ma, judging from syn-eruptive zircons, together with zircons recycled
from previous ash falls (Poprawa et al., 2020). Rifting developed along both the SW margin of
incipient Baltica (Tornquist Rift) and the Orsha-Volyn Aulacogen (Poprawa et al., 2020). A
coincidence of the latter with the Paleoproterozoic SFS supports contemporary hypotheses about the
effect of deep lithospheric heterogeneity on the distribution and character of deformation in the
interior of continents (e.g., Heron et al., 2016). The results of numerical experiments suggest that
collisional sutures, conserved in the lithosphere of cratons, can act as pseudo plate boundaries being
reactivated by far-field horizontal stress transferred from current plate boundaries (Heron et al., 2016).
Although, our seismic data do not reveal any direct evidence for extension associated with the SW
termination of the Orsha-Volyn Aulacogen the probable SFS reaches the top of the crystalline
basement at the same point, where Krzywiec et al. (2018) postulated the occurrence of an Ediacaran
NE-SW-trending graben. This offers a possibility that the SFS was reactivated by Neoproterozoic
continental rifting as a pre-existing crustal weakness zone. In addition, a set of SW-dipping reflectors
in the SW section of profile 5100 (Fig. 11) may correspond to low-angle normal shear zones related to

rifting of Rodinia and break-up of the Tornquist Ocean.

6. Conclusions

The reprocessed regional seismic profiles from the PolandSPAN™ project and their interpretation,
showing the SFS in SE Poland, provide the following conclusions. (1) The Paleoproterozoic collision
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between Sarmatia and Fennoscandia led to the formation of a cryptic and diffuse crustal suture
represented by a c. 150 km wide deformation zone. The suture-related reflections are interpreted as a
thrust-wedge rooted at the lower-middle crust interface underneath the IBZ crustal unit and ascending
upwards until the top of the pre-Neoproterozoic basement near the boundary between the OHB and
BPGB is reached. (2) The integration of our seismic data with the most recent model proposed by
Bogdanova et al. (2015) supports the interpretation according to which the OHB and BPGB show
affinities to the NW margin of Sarmatia and correspond to a diffuse suture between Fennoscandia and
Sarmatia. (3) A novel method of clustering seismic reflectivity patterns based on seismic attributes
contributed significantly to the above interpretation. By segmenting seismic samples into distinct
groups, it is possible to quantify differences in reflectivity of the desired portions of data and eliminate
those which obstruct the interpretability of seismic images. Moreover, data separability provides
complete control over the visual layout of section plots and facilitates comparative analysis of key

seismic properties and their distributions along the processed profiles.
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