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Abstract: The Upper Cretaceous complex in the central part of the Carpathian Foreland (southern
Poland) is relatively poorly recognized and described. Its formations can be classified as unconven-
tional reservoir due to poor reservoir properties as well as a low recovery factor. The main aim of the
article is to expand knowledge with conclusions resulting from the analysis of the latest seismic data
with the application of seismic sequence stratigraphy. Moreover, the seismic attributes analysis was
utilized. The depositional architecture recognition based on both chronostratigraphic horizons and
Wheeler diagram interpretations was of paramount importance. A further result was the possibility
of using the chronostratigraphic image for tectonostratigraphic interpretation. Two distinguished
tectonostratigraphic units corresponding to megasequences were recognized. A tectonic setting of
the analyzed interval is associated with global processes noticed by other authors in other parts of
the central European Late Cretaceous basin, but also locally accompanied by evidence of small-scale
tectonics. This study fills the gap on the issue of paleogeography in the Late Cretaceous sedimentary
basin of the Carpathian Foreland. It presents the first results of detailed reconstruction of the basin
paleogeography and an attempt to determine the impact of both eustatic and tectonic factors on
sedimentation processes.
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1. Introduction

Mesozoic carbonate formations are the subject of research in many regions of the world
because they are a good collector for the accumulation of oil and gas [1-10]. In the area of
the central part of the Carpathian Foreland, the carbonate complex of the Upper Jurassic and
Lower Cretaceous sediments is relatively well recognized [11-18]. The maximum thickness
of this complex is approximately 1300 m [12,18]. In contrast, the carbonate-clastic Upper
Cretaceous deposits, although they lie much shallower and have been drilled by numerous
wells, are much less recognized. Their maximum thickness in the study area is 400 m
(Figure 1; Supplementary Materials Figure S1). Knowledge regarding the mechanisms
of sedimentation of these formations, directions of transport, and paleogeography of the
sedimentary basin during the Late Cretaceous is still scarce. Therefore, the main aim of our
article is to expand the knowledge with conclusions resulting from the analysis of recent
seismic 3D data located in the central part of the Carpathian Foreland. The newly acquired,
high-resolution seismic data allow for multiple analyses, previously not possible to be
applied in this area. This contributes to a much better understanding of the architecture of
a difficult to interpret marginal part of the Late Cretaceous sedimentary basin of central
Europe. Furthermore, our research can fill the gap between insight from core analysis and
seismic data interpretation.

The Upper Cretaceous formations are better studied in the areas adjacent to the
Carpathian Foreland, i.e., Miechéw Trough and the vicinity of Krakoéw city, where the
Upper Cretaceous rocks are exposed on the surface [19-24]. Only a small number of
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publications are devoted exclusively to the Upper Cretaceous deposits of the central part
of the Carpathian Foreland, despite the relatively good documentation of the spatial extent
and stratigraphic column of these deposits in the wells. Most attention in publications
was devoted to the Cenomanian interval composed of siliciclastic rocks [25-27], mainly
due to the discovery of several commercial oil and gas accumulations. However, in our
area of study the Cenomanian sediments are absent or their thickness is very small, about
several meters.

The most comprehensive work describing the entire succession of the Upper Creta-
ceous deposits from the central part of the Carpathian Foreland was published by Heller
and Moryc in 1984 [28]. This work is the only one containing full lithological description of
the Upper Cretaceous succession, records of observed erosion surfaces, and characteristic
assemblages of foraminiferal microfauna for Upper Cretaceous stages. All information
was compiled strictly on the basis of well data. The mentioned work contains significant
and detailed biostratigraphic conclusions as well as rough suggestions concerning tectonic
development of the area.

There are no published works on Upper Cretaceous formations from the study area
based on interpretation of seismic data.

The interest in the mixed carbonate-clastic formation is related to the discovery of
several hydrocarbon deposits in the Turonian-Maastrichtian complex in the second half of
the 1980s [29,30]. However, variable and mostly poor reservoir properties as well as low
oil recovery factors make this carbonate-clastic reservoir be classified as unconventional.
The difficulty to predict lithological variability of these deposits is a great obstacle in in-
terpretation, as well as their relatively poor identification on 2D seismic sections, which
significantly increases the exploration risk. As a result, there were no further discoveries
of oil and gas fields in the research area. The high-quality 3D seismic survey performed
in recent years has provided new possibilities for the analysis of the Upper Cretaceous
formations. Based on seismic data, it was possible to apply seismic attributes and spectral
decomposition, which are considered basic tools in seismic interpretation [31-36]. Novel
approach in interpretation applied for this region was based on both chronostratigraphic
image and Wheeler diagram interpretation. Together with thorough sequence stratigraphy
method application, it was possible to understand complex processes, not only connected
with depositional architecture, but also with the tectonic framework. Such an approach pro-
vides insight into understanding the depositional history as well as the paleomorphology
of the studied Late Cretaceous subbasin.

Older publications [37—40] contain only general and very scarce descriptions of the
Upper Cretaceous formations, composed within the framework of characterizing the entire
lithostratigraphic profile of the Carpathian Foreland. In more recent works, partly dealing
with the subject of the Upper Cretaceous sediments, slightly more complete descriptions
and generalized interpretations of these formations have been presented, such as in the
works of Machaniec and Zapatowicz-Bilan or Moryc [41,42].

This study fills the gap on paleogeography topic in the Late Cretaceous sedimentary
basin of the Carpathian Foreland situated on the southwestern edge of the East Euro-
pean Craton. Authors present a unique study combining seismostratigraphic analysis
and seismic attributes interpretation, that enabled, for the first time, to reconstruct the
paleoenvironmental relations. It should be noted that until now, there were no works
that addressed this issue due to the lack of sufficient data quality and the very compli-
cated nature of the Upper Cretaceous succession resulting from both sedimentary and
tectonic factors.

2. Geological Setting

The study area is located in southern Poland within the central part of the Carpathian
Foreland area (Figure 1).
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Figure 1. Location of the study area: (a) generalized outline of central Europe; (b) location of the
study area (pink rectangle) in relation to the distribution of the Upper Cretaceous formations in
extra-Carpathian Poland (modified after Walaszczyk et al., 1999 [43]); (c) isopach map of the Upper
Cretaceous formations in the study area.

The oldest structural stage in the research area is represented by a series of Neopro-
terozoic anchimetamorphic rocks. The Ediacaran age of that complex is confirmed by the
results of micropaleontological analyses carried out on samples from the wells [44,45]. The
middle stage is composed of Meso-Paleozoic rocks of a considerable summary thickness
up to 2000 m. The Ordovician and Silurian deposits are situated in the southern part of
the analyzed region, directly on the Ediacaran interval. Higher up in the section lie the
carbonate series of Devonian and Carboniferous sediments [46,47]. The Mesozoic interval
is represented by carbonate and clastic Triassic sediments, and above them lie mainly
carbonate Jurassic and Cretaceous complexes [12,15,48]. The youngest structural stage is
formed by the Miocene formations (Badenian—-Sarmatian), which were initially deposited
in the Carpathian Foredeep basin. The complex of autochthonous Miocene strata in the re-
search area can be divided into three main units: the Lower Badenian clastic sub-evaporite
series, the Upper Badenian evaporate series, and the Upper Badenian—Sarmatian clastic
series [49,50].

The Upper Cretaceous formations were deposited above the regional unconformity
observed above the Lower Cretaceous or Upper Jurassic formations. The structural position
of these formations in the first stages of sedimentation distinctly reflects the paleomorphol-
ogy of the older substrate. Their range and thickness in the Carpathian Foreland are very
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diverse (Figure 1; Supplementary Materials Figure S1). This is the result of tectonic and
erosive processes that took place during the Late Cretaceous, Palaeogene, and Neogene peri-
ods. The primary differences in thickness of the Upper Cretaceous formation may be result
of the differentiation of sedimentation and subsidence rate of the sedimentary basin [13,51].
However, the greatest thickness variation is the consequence of post-Laramian erosion
resulting in complete removal of the Upper Cretaceous sediments from the part of the area
(Figure 1; Supplementary Materials Figure S1).

In general, the Upper Cretaceous section in the area of the Carpathian Foreland
can be divided into two main complexes: the lower clastic complex, which includes
Cenomanian sediments, and the upper mixed carbonate-clastic complex, composed of
Turonian-Maastrichtian sediments (Figure 2). The Cenomanian/Turonian transition is
discontinuous. An anoxic event took place in the basin at that time, which was related
to the rapid extinction of some benthic foraminifera [52,53]. The lower complex in the
research area is only partially developed, and its thickness does not exceed 15 m (thus
below the seismic resolution). The thickness of the upper complex in the study area is
very differentiated, ranging from 0 to approximately 460 m (Figure 1; Supplementary
Materials Figure S1). Within the upper complex in the area of the Carpathian Foreland, all
stratigraphic stages (from Turonian to Maastrichtian) were micropalaeontologically dated,
while in the wells located directly in the study area, the stages from Turonian to Campanian
were dated [28,42].
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Figure 2. Generalized lithological scheme of the Upper Cretaceous formation in the area of the central part of the

Carpathian Foreland.

3. Materials and Methods
3.1. Data Description
The seismic data used for the project are 3D seismic data that were acquired in 2015.

The survey covered an area of about 150 km? (bin size 20 x 20 m) and was obtained by
both dynamite and vibroseis methods. The data were processed with a relative ampli-
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tude preservation scheme, and the resulting volume is a migrated seismic section in the
time domain with a sampling rate of 2 ms. The volume was calibrated to the geological
information with the use of 15 wells with sonic logs that exist within the survey area.

3.2. Seismic Sequence Stratigraphy

Seismic stratigraphic analysis of the chronostratigraphic image and the Wheeler
diagram are the main interpretative tools for understanding and reliable reconstruction of
the depositional architecture. For this purpose, the entire 3D seismic cube is postprocessed
by using the procedure of layer-dip identification. With the information of dip direction
and angle a semi-automatic procedure that indicates directivity of seismic horizons is
applied. The resulting image reveals chronostratigraphic events on seismic profile.

Accurate selection of seismic lines from 3D images is an important stage of research.
The azimuth of the selected lines should be consistent with the general direction of depo-
sition of the analyzed formations and reflects the geometrical relationships occurring in
the sedimentary basin. Chronostratigraphic image and Wheeler diagram are constructed
for the selected seismic lines and hence provide detailed information about the deposition
applicable for the chosen azimuth.

Seismic sections with chronostratigraphic horizons that enable the reconstruction of
the depositional history are calculated in the time gate defined by selected seismic horizons,
which most often correspond to the stratigraphic boundaries [54,55]. In principle, the
gate should cover a greater time range, and not only refer to the interval of focus. Such a
procedure allows to avoid interpretation errors during correlation, especially in areas not
recognized by drilling.

With the set of the chronostratigraphic horizons, it is possible to construct a Wheeler
diagram. The transformation to the Wheeler domain requires flattening of the chronostrati-
graphic horizons and assigning them to a relative geological time scale [54,56]. A Wheeler
diagram is calculated to identify and visualize a lateral range of sedimentary episodes,
hiatuses (erosive events or periods without deposition), and deposition directions [56,57].

3.3. Tectonostratigraphy

Tracking the continuity of the chronostratigraphic horizons is essential for the recog-
nition of the tectonic history of the sedimentary basin area [58,59]. The interruption of
the continuity of the chronostratigraphic horizons may indicate various phenomena such
as lack of sedimentation, erosion, or tectonic processes [60,61]. The integration of the se-
quence stratigraphy methodology with fault interpretation made it possible to distinguish
structural units characterized by a different tectonic style corresponding to megasequences.
The term “megasequence” is understood as tectonostratigraphic complex of sediments
deposited during the crucial phases of the sedimentary basin development [60,62,63].
Tectonostratigraphic units can correspond to regional events such as contractional and
extensional phases of basin development [59,64,65]. Sound knowledge of the geology of
a given region, combined with a detailed interpretation of the depositional sequences,
allows to correctly define the mechanisms influencing the current structural image of the
analyzed formation.

3.4. Seismic Attributes and Spectral Decomposition

Seismic attributes that are the most helpful for depositional architecture recognition
are envelope, root mean square (RMS) amplitude, and sweetness. Additionally, spectral
decomposition based on fast Fourier transform (FFT) was also performed.

3.4.1. Envelope, RMS Amplitude, Sweetness

Seismic attributes used for this study are based on the amplitude and frequency values.
These attributes are efficiently computed and have been used to gain insight into seismic
image for several decades [31,32,35,36,66—-69]. The simplicity of the algorithms, that are



Energies 2021, 14, 7776

60of 17

mostly based on the Hilbert transform and basic statistics [70], makes them straightforward
for application and effective.

Many attributes were applied and tested in research, such as coherence attribute, ant
tracking, instantaneous frequency, and phase. Similarly, for spectral decomposition, the
CWT algorithm was run as well. The presented set of attributes and spectral decomposition
depicts the best depositional architecture. Authors decided to show only those results that
yielded new insight into the interpretation.

Envelope presents the total instantaneous energy of the complex trace, which is inde-
pendent of phase. It is also known as instantaneous amplitude or reflection strength [70,71].
For visualization of the attribute value on the map a window length of 33 ms was used, in
which the value of attribute was averaged and assigned to the surface of interests.

RMS amplitude is the square root of the sum of the squared amplitudes [70], divided by
the number of samples. In the computations, a window of 9 samples (that equals to 18 ms)
was used. RMS amplitude is helpful in the identification of hydrocarbon concentrations. It
is useful for the interpretation of depositional environments [31,72], by exhibiting different
amplitude responses (different value of attribute as well as gradient of changes).

Sweetness is a combination of instantaneous amplitude and instantaneous frequency.
It is particularly helpful to indicate the overall energy changes within the seismic data
that can be linked to lithological changes [73-75]. The sweetness attribute is useful for
paleoenvironmental characteristics and depositional architecture identification.

For all the applied attributes, different color scales were implemented, the scale was
adjusted to the extreme values, and specific color pallets were tested. It was noted that a
simple technique of changing a color palette enabled more detailed interpretation.

3.4.2. Spectral Decomposition

The spectral decomposition process enables to assign amplitude values to different
frequency components. The process can be understood as multi-dimensional frequency
filtering that results with frequency volumes that show reflection’s amplitude specific
to this spectral component. Spectral decomposition can be used for thin bed thickness
identification [76], tuning analysis [27], and hydrocarbon identification [77]. Different
algorithms have been proposed for the computational process; among the most popular
are fast Fourier transform (FFT) [78], continuous wavelet transform (CWT) [77], matched-
pursuit decomposition (MPD) [79], and complete ensemble empirical mode decomposition
(CEEMD) [80].

Spectral decomposition may be also used for depositional architecture interpretation
and allows to image elements such as channels, fans, confined channel axis, wedges, deltaic
systems, clinoforms, etc. Spectral decomposition was previously used for such purposes
within the area of interest, especially for the Miocene [75,81-83].

Two algorithms of spectral decomposition were utilized in this study; results differ in
terms of image quality and resolution. The results of spectral decomposition presented in
this paper are based on the FFT method, which is considered to yield better results. The
frequencies applied were chosen based on a visual inspection of the amplitude spectrum of
the seismic data. The most useful frequencies for the spectral decomposition were found to
be 19 Hz, 24 Hz, and 35 Hz. These frequencies were blended [31] using the CMYK (cyan,
magenta, yellow, key-black) color scale.

4. Results

The analyzed Upper Cretaceous formations representing facies dominated by carbon-
ate sediments with a minor admixture of siliciclastics are very difficult to interpretation.
This is mainly due to the small thicknesses of individual depositional sequences (below
the seismic resolution), subtle horizontal and vertical facies diversity, variability of the
directions of sedimentary material supply to the sedimentary basin, and high tectonic
involvement. For these reasons, the standard methods of interpretation used so far did not
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allow for the identification and reconstruction of the depositional architecture of the Upper
Cretaceous basin in the study area.

The chronostratigraphic image and the Wheeler diagram were calculated for two
seismic lines with the SW-NE azimuth. Results of the interpretation are presented only
for the XL170 section (location in the Figure 1c; Supplementary Materials Figure S1). The
research covered the time interval determined by the Intra-Jurassic seismic horizon and the
boundary associated with the Miocene evaporative series (Ma). The colors of the obtained
chronostratigraphic horizons are linked to the relative geological ages of the events [54]
(Figure 3b).

ANALYZED INTERVAL

ANALYZED INTERVAL

ANALYZED INTERVAL

Figure 3. Main seismic horizons shown against chronostratigraphic horizons calculated by the
data-driven approach: (a) chronostratigraphic horizons shown at the background of the time seismic
section; (b) chronostratigraphic horizons in the color scale.

The performed interpretation of the chronostratigraphic horizons and the Wheeler
diagram for the Upper Cretaceous deposits was based on the assumptions of the sequence
stratigraphy methodology [84-87] as well as the carbonate and mixed carbonate-siliciclastic
sedimentary basins depositional models [85,88-90].

It should be noted that there exists an ongoing discussion on a methodology for se-
quence boundaries interpretation and the specialistic nomenclature [85-87,91,92]. Nonethe-
less, in the presented material, we decided to divide sequence boundaries into two types:
type I and type II [93], even though recently type II discontinuities have been considered to
be an integral part of the failing stage systems tracks (FSST; shift of the shore-line basinward
during one sequence with the fall of relative sea level).

In the entire interpreted interval, the analysis of the configuration, continuity, and
contacts of the simultaneous horizons was performed. The chronostratigraphic horizons in
the Wheeler diagram show a hierarchical alignment, and their arrangement interpreted in
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the direction of deposition allows to define individual sequences of depositional system.
However, only the simultaneous interpretation of the chronostratigraphic volume and the
Wheeler diagram allow to determine the depositional sequences. In total, 31 depositional
sequences were identified and traced, 23 of which are located within the Upper Cretaceous
section (Figure 4; Supplementary Materials Figure S2). Most of the interpreted depositional
sequences have well-defined sequence boundaries. Thanks to this, it was possible to
determine and trace the sequence boundaries (SB) and the maximum flood levels (mfs).

Figure 4. Detailed sequence stratigraphy and tectonostratigraphy interpretation of (a) chronostratigraphic horizons in

structural domain and (b) Wheeler diagram transformed from seismic data.

The chronostratigraphic image allowed to distinguish two types of depositional
sequences and related sequence boundaries (SB1 and SB2). The differences between the
depositional sequences focus on the individual nature of the falling stage systems tracks
(FSST). The depositional sequences associated with the erosive boundary of SB1 and its
correlative accordance were deposited in conditions of a relatively rapid sea-level fall. The
configuration of chronostratigraphic horizons and the geometry of the type I sequence
boundary allow the identification of the depositional elements typical for deposits, such
as incised valleys, slope fans, and basin fans. Depositional sequences associated with the
boundary of type II are generally characterized by a deposition of FSST sediments of an
aggradational nature in the shelf edge zone. Sequences of this type are characterized by a
steep morphology of the slope zone. The material from the destroyed edges of the shelf is
deposited in the form of submarine landslides and debris flows.

The determined sequence boundaries were differentiated by using different colors.
Type I (SB1) boundaries are shown in red and type II (SB2) boundaries are shown in orange
(Figure 4; Supplementary Materials Figure 52).

With such an approach, it was possible to identify typical elements of the deposi-
tional architecture for carbonate and mixed carbonate-siliciclastic sedimentary basins,
genetically related to the systems tracts of the depositional systems (LST, FSST, TST, and
HST) [54,85-88]. Such elements include, for example, barriers, incised valleys, or packages
of deposits created as a result of gravity flows.

As a result, the depositional history of the analyzed sedimentary complexes was
reconstructed. In the presented section, several stratigraphic gaps of different natures
and local or regional character are indicated. Based on a comprehensive interpretation
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of the chronostratigraphic image, time-varying transport directions were determined
(Figure 4b—marked with arrows; Supplementary Materials Figure S2). Moreover, it was
possible to interpret various elements of the paleoenvironment, with the determination of
their mutual spatial relations.

In the chronostratigraphic image, discontinuity surfaces are visible, which can be
interpreted as small-scale, local faults (Figure 4a, dashed black lines; Supplementary
Materials Figure S2). It is worth noting that most of these dislocations are not visible in the
seismic image (compare Figures 3 and 4a).

The integration of the sequence stratigraphy methodology with fault interpretation
made it possible to distinguish two structural complexes characterized by a different
tectonic style within the Upper Cretaceous interval, corresponding to megasequences. Each
of the distinguished tectonic sequences is characterized by a different chronostratigraphic
image, a specific layout of horizons in the Wheeler diagram, and a specific system of faults.
Each of the distinguished megasequences is closely related to the different stage of the
geological history of a investigated region [65]. The megasequence tops are determined by
erosive and angular discrepancies or a combination of seismic reflection contacts: downlap
and onlap [60].

The analyzed segment of the Upper Cretaceous basin of the Carpathian Foreland
can be understood as a specific subbasin, which borders are controlled by faults. The
development of this type of basin involves a number of different stages closely related to
the contractional and extensional phases [65,94]. These phases are accompanied by such
phenomena as the changes in the sea level, episodes of intensive erosion that may lead to
the peneplanation of the adjacent land area, and tectonic quiescence [95,96].

The interpreted Upper Cretaceous depositional sequences in the study area were
divided into two main megasequences: lower (M1) and upper (M2) (Figure 4; Supplemen-
tary Materials Figure S2), characterized by a diverse structure. A stratigraphic hiatus was
identified between these megasequences.

The lower megasequence (M1) is built by seven depositional sequences S1-57 (Figure 4;
Supplementary Materials Figure S52) covering almost the entire area of the analyzed segment
of the sedimentary basin. Each of these sequences is characterized by a complete structure
of the depositional systems tracts. Moreover, there are no major tectonic disturbances in
the entire profile of the lower megasequence (M1). These features indicate that at this stage
of development, the Upper Cretaceous sedimentary basin was in a tectonic quiescence and
subordinate faults were probably the result of stress relaxation and differential loading.

Much greater influence of tectonic processes is noticeable in the construction of the up-
per megasequence (M2), separated from the lower with the above-mentioned sedimentary
hiatus and represented by the depositional sequences S8-523 (Figure 4, Supplementary
Materials Figure S2). The system of chronostratigraphic horizons indicates that the an-
alyzed area underwent a significant shortening, which was initially related to the uplift
and rotation of individual tectonic blocks. The shortening stage was particularly well
recorded in the central, depressed part of the sedimentary basin, within which a small-scale
tectonic squeezing and tilting of the older Upper Cretaceous deposits (building the lower
megasquence) took place, leading to a noticeable increase in their apparent thickness.
Such basin geometry suggests that the analyzed area most likely underwent compression
reactivation, which is consistent with the theory that during the Late Cretaceous, there
was a global period of basin inversion tectonic [13,97-103]. In the higher part of the up-
per megasequence in the chronostratigraphic image, it is also possible to interpret the
effects of the process of walls collapsing along large normal faults limiting the tectonic
depression zone. Such structures may indicate the extensive nature of the sedimentary
basin [94,104,105].

In order to confront the results of the high-resolution interpretation method with
the conventional structural seismic interpretation, a local correlation of the Intra-Upper
Cretaceous (K3_int) seismic horizon was performed in the seismic image (Figures 3 and 4a).
This horizon was correlated in the lower, less tectonically disturbed part of the Upper
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Cretaceous profile. It is associated with the most visible and continuous positive seismic re-
flection. The comparison of the interpreted K3_int seismic horizon against the background
of the seismostratigraphic interpretation based on the chronostratigraphic image showed
that this horizon is not closely related to any of the interpreted depositional sequences.
The correlated K3_int horizon intersects the deposit sequences at different positions of the
chronostratigraphic column.

Based on the interpreted seismic horizon K3_int, maps of surface seismic attributes
were calculated (spectral decomposition—Figure 5a, sweetness—Figure 5b, RMS amplitude—
Figure 5c, envelope—Figure 5d). It was possible to trace the development and spatial
extent of various elements of depositional architecture on the attribute maps. As the K3_int
horizon crosses different depositional sequences (Figure 4a; Supplementary Materials
Figure S2), it should be emphasized that the elements of the depositional architecture inter-
preted in the maps belong to different systems tracts. The combination of the interpretation
of the attribute maps with the results of the chronostratigraphic interpretation allowed for
a better understanding of their geometric and genetic relationships.

Mud or carbonate
debris flow

Submarine landslide
starting zone

lowstand wedge complex
with channels and mouth b

Carbonate debris
flow record

Mud and carbonate SN
debris flow

Figure 5. Maps presenting depositional architecture elements interpreted with the results of spectral
decomposition and seismic attributes shown at K3_int surface: (a) spectral decomposition based on
FFT algorithm; (b) sweetness; (¢) RMS amplitude; and (d) envelope.

Comprehensive analysis of all the aforementioned attribute maps allowed to identify
the anomalous zones related to the specific elements of the depositional architecture.
The sweetness attribute and spectral decomposition were considered the most helpful
in interpretation. The elements of the depositional architecture identified on these maps,
characterized by a large diversity of geometry, can be associated with the deposition in
various phases of sea level fluctuations (Figure 5).

Based on the shapes of anomalous zones in attribute maps (Figure 5a—-d), the following
elements of depositional architecture were identified: barriers, distribution channels and
channelized lobes formed in the conditions of rising sea level (TST), and debris flows, which
can be associated with both high sea level (HST) and low sea level (LST). Additionally,
submarine landslide starting zones can be recognized in the maps of spectral decomposition
(Figure 5a) and envelope (Figure 5d). They are characterized by a specific oval-shaped
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contour. Lowstand wedge complex associated with the distribution channels is another
element of the depositional architecture interpreted based on spectral decomposition
(Figure 5a) and the sweetness attribute (Figure 5b). The existence of these types of deltas
may suggest an increase in the proportion of siliciclastic material in the sedimentary
basin [85,87,88]. The sweetness attribute map provided the best insight into the basin
morphology, revealing precisely the distribution of channels associated with mouth bars.
It has been observed that in many places these channels run along the interpreted fault
planes (Figure 5b).

5. Discussion

The complicated mixed carbonate-clastic Upper Cretaceous sedimentary complex
developed on the southwestern edge of the East European Craton is still characterized
by poor geological recognition. Such issues as the mechanisms of sedimentation, the
directions of transport, and the paleogeography of the sedimentary basin are still under
discussion [13,51,102,106-108]. An essential question is to estimate the impact of tectonic
processes on the development of the sedimentary basin and changes of its geometry during
the Late Cretaceous period [100,102,103,109,110].

The specific character of studied mixed carbonate-clastic reservoir that manifests
mostly poor reservoir properties and low recovery factor requires an unconventional and
more detailed approach in the interpretation of seismic data. Interpretation beginning with
a detailed analysis of seismic data allows for a better understanding of the paleogeographic
relationships in the sedimentary basin and consequently to lithofacial diversity of the stud-
ied formations. This type of interpretative approach can lead to more precise identification
of prospects in both conventional and unconventional exploration.

According to the study, the depositional sequences associated with individual sedi-
mentary episodes are characterized by small thicknesses, often below the resolution of the
seismic data. Therefore, the interpretation of seismic data conducted so far did not allow to
reliably reconstruct too many details of depositional architecture within the sedimentary
basin. It should be concluded that due to the high facies variability and small thicknesses
of individual depositional sequences, the conventional seismic interpretation is not suitable
for reconstruction of the depositional architecture of the Upper Cretaceous deposits. The
methodology proposed in this paper, based on the seismic stratigraphic analysis of the
chronostratigraphic image and the Wheeler diagram, provides the possibilities of a more
detailed reconstruction of the sedimentary basin configuration including elements of the
paleoenvironment. Furthermore, based on the chronostratigraphic image interpretation,
it is possible to determine the main directions of sedimentary material supply to the Late
Cretaceous sedimentary basin. Small-scale, local dislocations, in some cases not visible in
the seismic image, can be revealed based on the discussed method. Using the entire collec-
tion of information obtained from the interpretation of the chronostratigraphic image, it is
possible to reconstruct the full depositional and tectonic history of the analyzed segment of
the Upper Cretaceous Foreland basin.

Interpreting and evaluating the structural map of K3_int horizon with the overlaid
results of seismic attributes and spectral decomposition helped authors to understand that
the horizon intersects various sedimentary episodes. With this observation, it was decided
to perform chronostratigraphic analyses. Only after that was it possible to understand
the complex nature of image seen on attributes maps. Such an approach revealed that the
previously interpreted horizon, guided by picks from the wells and seismic image, was not
stratigraphically consistent. Nonetheless, each attribute enabled to see different elements of
depositional architecture. Currently, the authors are continuing analyses which are mostly
directed towards editing K3_int horizon according to the chronostratigraphic image. So far,
the preliminary result is that Upper Cretaceous deposits in the analyzed region are hugely
diverse and tectonically involved.

The tectonic setting of the analyzed interval is associated with global processes
observed in the Late Cretaceous basin, but also, locally accompanied by evidence of
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small-scale tectonics. The application of the chronostratigraphic image computed by a
data-guided approach enables to indicate discontinuities. The authors believe that this is
partially due to the fact that computation of chronostratigraphic horizons is guided, among
other things, by the dip of seismic reflections. Hence, it is highly recommended to test the
chronostratigraphic image not only for seismic sequence stratigraphy analysis, but also for
structural interpretation.

Performed studies provided an opportunity to identify numerous unconformities
and hiatuses connected with erosive events or periods without deposition. The presence
of numerous unconformities was described before by Heller and Moryc [28] based on
the study of cores from this area. Moreover, a regional stratigraphic gap from the Late
Coniacian to Early Santonian was identified in outcrops located within the neighboring
Krakow area [107,111].

One of the major stratigraphic hiatuses was identified in between the two distin-
guished tectonostratigraphic units corresponding to megasequences. The lower one (M1)
is built by several depositional sequences, characterized by a complete structure of the
depositional systems tracts. No major tectonic disturbances have been detected in this
part of section representing the layer-cake depositional model. Much greater influence of
tectonic processes is noticeable in the structure of the upper megasequence (M2). This part
of the Upper Cretaceous sequence is much more complicated as a result of the uplift and
rotation of individual tectonic blocks, as well as the effect of the next phase of the extensive
basin inversion. A very similar type of bi-partite structure of the Upper Cretaceous section
was recently described by Stachowska and Krzywiec [102] from the Grudziadz-Polik area
situated in central Poland. The authors described a regional unconformity dividing the
Upper Cretaceous succession into two units characterized by different geometries. A
significant difference in the structure of the Upper Cretaceous succession in the Lublin area
(eastern Poland) was also noted by Hakenberg and Swidrowska [98] during their compari-
son of two episodes of acceleration in subsidence rate. They concluded that the reason for
the first episode of high subsidence rate during Turonian is caused by the eustatic factor,
whereas the period of higher rate of sediment accumulation during Early Maastrichtian is
clearly related to the tectonic activity of the area.

Such a marked similarity in the structural framework of the Upper Cretaceous succes-
sion in different areas (southern, central, and eastern Poland) may indicate that a tectonic
rebuilding of the sedimentary basin took place during the Late Cretaceous period.

The spatial analysis of the Upper Cretaceous succession from the area of the central
part of the Carpathian Foreland is a solid reference for further detailed studies in this area.

6. Conclusions

Completed research of the Upper Cretaceous sediments of the central part of the
Carpathian Foreland confirmed the complicated geological structure of the analyzed complex.

Analysis of the paleoenvironment confirmed the wide range of the elements of the
depositional architecture. The alignment of these elements suggests different, time-variant
directions of deposition.

At least several seismic attributes are required to visualize the various elements
of the depositional architecture. Some of these elements can only be interpreted on
certain attributes.

The chronostratigraphic image and Wheeler diagram allowed to identify numerous
unconformities and hiatuses connected with erosive events or periods without deposition.
The results of interpretation confirm earlier observations based on the cores [28]. Moreover,
several dislocations were identified based on the chronostratigraphic image.

It can be unambiguously stated that the conventional structural seismic interpretation
has its limitations in the view of accurate paleogeographical image recognition; only
interpretation based on the chronostratigraphic image can reveal reliable results.
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The interpreted Upper Cretaceous succession in the study area can be divided into
two main megasequences, characterized by a diverse structure. A stratigraphic hiatus was
identified between these megasequences.

The first results of detailed reconstruction of the Late Cretaceous basin paleogeography
in the central part of the Carpathian Foreland and the attempt to determine the impact of
both eustatic and tectonic factors on sedimentation processes were presented.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/en14227776/s1, Figure S1: Isopach map of the Upper Cretaceous formations in the study area;
Figure S2: Detailed sequence stratigraphy and tectonostratigraphy interpretation.
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