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Abstract: An integrated geological and geophysical approach is presented for the recognition of
unconventional targets in the Miocene formations of the Carpathian Foredeep, southern Poland.
The subject of the analysis is an unconventional reservoir built of interlayered packets of sandstone,
mudstone and claystone, called a “heterogeneous sequence”. This type of sequence acts as both
a reservoir and as source rock for hydrocarbons and it consists of layers of insignificant thickness,
below the resolution of seismic data. The interpretation of such a sequence has rarely been based
on seismic stratigraphy analysis; however, such an approach is proposed here. The subject of
interpretation is high-quality seismic data of high resolution that enable detailed depositional
analysis. The reconstruction of the depositional history was possible due to the analysis of flattened
chronostratigraphic horizons (Wheeler diagram). The identification of depositional positions in a
sedimentary basin was the first step for the indication of potential target areas. These areas were also
subject to seismic attribute analysis (sweetness) and spectral decomposition. The seismic attribute
results positively verified the previously proposed prospects. The results obtained demonstrate that
the interpretation of the Miocene sediments in the Carpathian Foredeep should take into account the
depositional history reconstruction and paleogeographical analysis.

Keywords: seismic interpretation; depositional environments characteristics; Wheeler diagram;
seismic attributes; heterogeneous sequence

1. Introduction

The terms “heterolithic bedding” or “heterogeneous sequence” are used commonly in the
description of sedimentary series that are built of interlayered packets (laminae or lenses) of sandstone,
mudstone and claystone. The heterogeneous sequence is not only a reservoir rock, but also a source
rock that exhibits a high concentration of total organic matter [1–4]. The thicknesses of the separate
intervals can be various, from millimeters to decimeters [5,6]. Considering the ratio of sandstone to
mudstone, the thickness of the layers and the frequency of their appearance (i.e., the frequency of
sandstone layers appearing in mudstone intervals), various types of heterogeneous sequences can be
defined. The increasing interest in the heterogeneous sequence in the Carpathian Foredeep is due
to the recent discoveries of gas fields [7–9]. Gas flows are present for intervals of low porosity and
permeability, which, in well log analysis, are associated with low gas saturation. These intervals are
challenging for well log interpretation. The low resolution of well log data and the high clay content
associated with these sequences strongly influence the results. The data often suggest increased water
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content in the heterogeneous sequence, while high dry gas flow is measured in gas tests. For this reason,
an interpretation of the heterogeneous sequence based on other geophysical data and comprehensive
depositional architecture analysis is needed.

The Carpathian Foredeep is part of a huge Pannonian Basin System (PBS) that is the subject
of extensive geological analysis in the aspects of conventional and unconventional reservoirs.
The Carpathian Foredeep area is not as detail differentiated in terms of stratigraphy and lithology as
other parts of the PBS [10–13].

In our work, we present a seismostratigraphic-based approach for indicating the possible
gas-bearing intervals within the heterogeneous complex. These sequences make standard well log
interpretation difficult due to the substantial horizontal and vertical variations in terms of lithology and
position in a sedimentary basin. Moreover, low-resolution seismic data cannot be used for the reliable
interpretation of these sequences within the Miocene sediments [14]. The seismic data presented in
this study, however, have a higher than average resolution, therefore enabling a detailed depositional
interpretation. In comparison to the previously published works [7,8,15] the presented data were
designed to increase the resolution of a seismic image significantly. Only with such detailed seismic
data is it possible to proceed with depositional analysis, which, in terms of heterogeneous sequences,
yields accurate results.

Chronostratigraphic interpretations of the high-resolution seismic data and Wheeler diagrams
(chronostratigraphic horizons identification and flattening) enable the definition of geometrical relations
within the analyzed interval. With such an approach, it was possible to define the elements of the
depositional architecture, such as slope fans, basin floor fans and barriers, then identify the depositional
sequences [16,17]. Such an analysis is crucial for understanding the depositional architecture of the
wider area, as well as facial change definitions that might enable us to understand the paleogeography
and paleoenvironment of the Miocene succession, which could lead to hydrocarbon prospecting.
The number of conventional hydrocarbon reservoirs within the Miocene formations recently started
to decease, and fewer conventional prospects have been discovered in the last few years, hence the
need to change the approach and begin an interpretation focused on unconventional, heterolithic
targets [18]. Such a situation enforces the need for the development of an alternative methodology
suited to heterogeneous sequences.

In order to indicate the possible gas-saturated intervals, we incorporated the spectral decomposition
technique, which uses the concept of attenuative properties in relation to frequency modulations of
gas-bearing sequences [19]. Similarly, we incorporated a sweetness attribute (based on instantaneous
trace analysis), which was proven to give reliable results in clastic deposits [20].

The final set of hydrocarbon prospects was verified by the identification of the depositional
architecture elements and their position within the sedimentary basin. Simultaneously, attribute
analysis was performed in order to cross-check the prospected target areas. The results imply that,
for the heterogeneous sequence definition, the chronostratigraphic approach plays a key role and
should be routinely applied to the Miocene sediments of the Carpathian Foredeep.

2. Geological Setting and Data Description

2.1. Geological Setting, the Survey Area

The study area is located in southern Poland within the central part of the Carpathian Foredeep
area (Figure 1).
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Figure 1.  Geological map of the studied area: (a) generalized map of the Carpathian system range, 
after Picha [21] (modified); (b) location of the research area against the range of the Carpathian 
Foredeep in Poland; ranges of geological units according to Porębski and Warchoł [22] 

The oldest structural stage in the research area is represented by a series of Neoproterozoic 
anchimetamorphic rocks. The Ediacaran age of that complex is confirmed by the results of 
micropaleontological analyses carried out on samples from the boreholes [23,24]. The middle stage is 
composed of Meso-Paleozoic rocks of a considerable summary thickness up to 2000 m. In the 
southern part of the analyzed region, directly on the Ediacaran interval, the Lower Paleozoic deposits 
(Ordovician and Silurian) are situated, but their ranges are not well documented by deep boreholes 
and insignificant thicknesses (based on well log data and seismic interpretation between 20–100 m) 
[25,26]. Higher up in the profile lie the carbonate series of Devonian and Carboniferous sediments 
[27,28]. The Mesozoic interval is represented by carbonate and clastic Triassic sediments, and above 
them lie the carbonate complexes of the Jurassic and Cretaceous periods [29–31].  

The youngest structural stage is formed by the Miocene formations (Badenian–Sarmatian), 
which were initially deposited in the Carpathian Foredeep basin. The sedimentary basin of the 
Carpathian Foredeep was a fragment of a large foreland graben basin stretching along the whole 
Carpathian arc. The complex of autochthonous Miocene strata in the research area can be divided 
into three main units: the Lower Badenian clastic sub-evaporite series, the Upper Badenian evaporite 
series and the Upper Badenian–Sarmatian clastic series [32,33]. 

The sub-evaporite sediments, distinguished as the Skawina Formation [34], are mainly 
represented by a set of claystone and mudstone, with thicknesses up to a few dozen meters. The 
genesis of the Badenian evaporite series is connected with the Badenian Salinity Crisis (BSC), which 
probably commenced due to a rather sudden drop in sea level due to global cooling [35–38]. The 
sulphate rocks (gypsum and anhydrite) are distinguished as the Krzyżanowice Formation [34]. The 
siliciclastic sediments, classified as the Machów Formation [32–34], are an essential part of the 
autochthonous Miocene profile in the analyzed region of the Carpathian Foredeep. This formation 
manifests significant lithofacial diversity. The Machów Formation is assigned to NN6/NN7 
calcareous nano plankton zones, although some authors qualify the uppermost part of this formation 
up to NN9 [39]. A detailed seismostratigraphic analysis of the middle part of the Machów Formation 
is the main subject of this article.  
  

Figure 1. Geological map of the studied area: (a) generalized map of the Carpathian system range,
after Picha [21] (modified); (b) location of the research area against the range of the Carpathian Foredeep
in Poland; ranges of geological units according to Porębski and Warchoł [22].

The oldest structural stage in the research area is represented by a series of Neoproterozoic
anchimetamorphic rocks. The Ediacaran age of that complex is confirmed by the results of
micropaleontological analyses carried out on samples from the boreholes [23,24]. The middle stage
is composed of Meso-Paleozoic rocks of a considerable summary thickness up to 2000 m. In the
southern part of the analyzed region, directly on the Ediacaran interval, the Lower Paleozoic deposits
(Ordovician and Silurian) are situated, but their ranges are not well documented by deep boreholes and
insignificant thicknesses (based on well log data and seismic interpretation between 20–100 m) [25,26].
Higher up in the profile lie the carbonate series of Devonian and Carboniferous sediments [27,28].
The Mesozoic interval is represented by carbonate and clastic Triassic sediments, and above them lie
the carbonate complexes of the Jurassic and Cretaceous periods [29–31].

The youngest structural stage is formed by the Miocene formations (Badenian–Sarmatian),
which were initially deposited in the Carpathian Foredeep basin. The sedimentary basin of the
Carpathian Foredeep was a fragment of a large foreland graben basin stretching along the whole
Carpathian arc. The complex of autochthonous Miocene strata in the research area can be divided into
three main units: the Lower Badenian clastic sub-evaporite series, the Upper Badenian evaporite series
and the Upper Badenian–Sarmatian clastic series [32,33].

The sub-evaporite sediments, distinguished as the Skawina Formation [34], are mainly represented
by a set of claystone and mudstone, with thicknesses up to a few dozen meters. The genesis of the
Badenian evaporite series is connected with the Badenian Salinity Crisis (BSC), which probably
commenced due to a rather sudden drop in sea level due to global cooling [35–38]. The sulphate
rocks (gypsum and anhydrite) are distinguished as the Krzyżanowice Formation [34]. The siliciclastic
sediments, classified as the Machów Formation [32–34], are an essential part of the autochthonous
Miocene profile in the analyzed region of the Carpathian Foredeep. This formation manifests significant
lithofacial diversity. The Machów Formation is assigned to NN6/NN7 calcareous nano plankton
zones, although some authors qualify the uppermost part of this formation up to NN9 [39]. A detailed
seismostratigraphic analysis of the middle part of the Machów Formation is the main subject of
this article.
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2.2. Definition of Heterogeneous Sequence

Lis and Wysocka [40], on the basis of well data analysis, show that the Carpathian Foredeep
region is defined by three main types of heterogeneous sequences:

1. dominated by mudstone;
2. with an approximately equal proportion of sandstone/siltstone and mudstone;
3. dominated by sandstone and siltstone.

The specific types of bedding are characteristic of the heterogeneous sequence, predominantly
flaser, wavy and lenticular laminations that are created by the interchanging deposition form traction
and suspension. During the traction-based sedimentation, sand and silt fractions dominate with
small-scale cross-bedding or planar bedding. The suspension-based sedimentation favors the deposition
of mudstone and claystone without lamination, as well as flaser, wavy or lenticular laminations.

The heterogeneous sequence is commonly found in the Miocene sediment profile in the central
part of the Carpathian Foredeep. The sequences might be present in many depositional environments
and at various depths, even though they are mostly associated with shallow and tidal regions [41–45].
In the study area, the heterogeneous sequences are typical for the studied part of the Miocene complex.

In the analyzed interval, we can define the existence of the heterolithic facies with all depositional
zones, from shallow to deep water environments. The interpreted interval reveals diverse and dynamic
facial changes observed at the chronostratigraphic horizons and defined in the Wheeler diagram.
The geometrical analysis of these chronostratigraphic horizons enables uniformly defined diagnostic
elements of the depositional architecture, such as shelf, shelf margin, slope and basin floor, associated
to the sedimentation environments [46,47].

2.3. Data Description

The seismic data used for the project are 3D seismic data that were acquired in 2015 and processed
in 2016 by Geofizyka Kraków SA, Kraków, Poland for the Polish Oil and Gas Company. The survey
covered the area of about 150 km2 and was obtained by both dynamite and vibroseis methods.
The research area covered approximately 150 km2; the analyzed seismic section is situated in the
southern part of the seismic survey (Figure 1) in a part that was obtained by the vibroseis method.
The data were processed with a relative amplitude 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.
The presented seismic section is situated away from the well data.

3. Methods

3.1. Depositional Analysis

The method is based on seismic sequence stratigraphy and depositional sequence characterization.
A depositional sequence is understood as a lithostratigraphic unit that was deposited during a specific
depositional episode in a sedimentary basin. Each seismic horizon is associated with a certain position
within a depositional sequence. The chronostratigraphic horizons can be linked with a specific element
of the paleoenvironment within the sedimentary basin.

The seismic volume was subject to depositional sequence interpretation. It should be noted that
the sequence stratigraphy analysis based on seismic volume is less detailed than the interpretation
based on well and outcrop data.

The first step of the analysis was to define a set of seismic sections to find those in directions parallel
to the transportation of sediments to the basin. For the analysis, several sections were chosen. The area
of analysis was limited to an exact time range by two seismic horizons. Afterwards, the apparent dip
in seismic reflections was computed, and the resulting seismic volume enabled us to proceed to the
next step, which was a chronostratigraphic horizon extraction. According to the information about
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the apparent dip and its direction, it was possible to apply a semi-automatic algorithm that tracks
the seismic horizon in a given time range. The analysis was performed several times to adjust the
parameters and take into account the resolution of the seismic data.

The defined chronostratigraphic horizons were transformed into the Wheeler domain by
flattening [16,17] in order to analyze their relative temporal position. Wheeler diagrams were
constructed for several seismic sections for the identification and visualization of the directions
of deposition, hiatuses (a lack of deposition or erosion periods) and lateral continuities of
depositional sequences.

With such an approach, it was possible to identify local changes in depositional directions that
affected the exact shape and geometry of the chronostratigraphic horizons. The results are presented
for the chosen cross-section.

3.2. Seismic Analysis

Seismic attributes were incorporated for possible gas-bearing zone interpretation. The subject
of the analysis is a clastic sequence; hence, attributes that are suited to such environments give the
best results. The sweetness attribute is calculated by dividing the instantaneous amplitude by the
square root of the instantaneous frequency [48] and is sensitive to changes in amplitude and changes in
frequency, both of which are considered direct hydrocarbon indicators (DHI) in clastic sequences [49].
The sweetness attribute might highlight thick, clean reservoirs and is sensitive to hydrocarbon content
due to the incorporation of an instantaneous frequency [50]. This is a robust attribute, and its calculation
is fast and efficient.

The second tool incorporated was spectral decomposition based on Fast Fourier Transform (FFT).
The transform, based on the set of sine and cosine functions, decomposes the seismic trace to a
time–frequency domain, in which specific frequency components hold the fraction of the amplitude of
the original seismic trace. In this way, the filtering of a seismic signal is performed. The decomposition
is performed in the time window; its length can be adjusted to the seismic resolution, but should not
be too small in order for the decomposition to be stable. The interpretational value of the frequency
volumes is that the reasoning can be limited to lower frequencies that tend to hold information about
the hydrocarbon saturation.

4. Results

4.1. Depositional Environments Characterization

The first step of the interpretation was the identification of reflection discordances and lapouts
such as onlaps, downlaps, offlaps, toplaps, and truncations [51]. The direction of the presented profile
is SW–NE, which is parallel to the main deposition direction (see Figure 1).

A detailed interpretation of the chronostratigraphic horizons and the Wheeler diagram are
presented in Figure 2. The heterogeneous sequence exhibits high diversity and complexity in its
chronostratigraphic horizons. The whole analyzed interval, which spans approximately 170 ms
(about 300 m), consists of 17 depositional sequences and 18 sequence boundaries (SB).



Energies 2020, 13, 6036 6 of 15
Energies 2020, 13, x FOR PEER REVIEW 6 of 15 

 
Figure 2. Detailed interpretation of (a) chronostratigraphic horizons in structural domain showed 
against the migrated seismic section (b) and Wheeler diagram transformed from seismic data. (c) 
Model presenting a chronostratigraphic nature of the stratigraphic units (Reproduced from Qayyum 
et al. [52], John Wiley & Sons Ltd, European Association of Geoscientists & Engineers and 
International Association of Sedimentologists, 2015, Page: 340).  

Within the interpreted seismic interval (Figure 3, red frame), it was possible to indicate two kinds 
of depositional sequences connected to different types of sequence boundaries: the type I depositional 
sequence with sequence boundary no 1 (SB1) and the type II depositional sequence with sequence 
boundary no 2 (SB2). 

Depositional sequences (type I) linked to SB1 are characterized by subaerial unconformities. 
These sequences change their character basinward into correlative conformities. The configuration of 
chronostratigraphic horizons of type I enables the identification of architectural elements that are 
typical of falling stage system tract (FSST) deposits that manifest hydrocarbon potential (incised 
valleys, slope fans and basin floor fans) [53]. These elements are also characterized by anomalous 
values of seismic attributes (see next subsection). The complete type I sequence consists of four 
depositional systems: falling stage system tract (FSST: Figure 3, brown—slope fan, yellow—basin 
floor fan), lowstand system tracks (LST: Figure 3, pink—lowstand wedge), transgressive system 
tracks (TST: Figure 3, green) and highstand system tract (HST: Figure 3, orange). In the bases of these 
sequences, it was possible to identify the borders of SB1, which are characterized by terrestrial and 
marine erosion [47]. 

 

Figure 2. Detailed interpretation of (a) chronostratigraphic horizons in structural domain showed
against the migrated seismic section (b) and Wheeler diagram transformed from seismic data. (c) Model
presenting a chronostratigraphic nature of the stratigraphic units (Reproduced from Qayyum et al. [52],
John Wiley & Sons Ltd, European Association of Geoscientists & Engineers and International Association
of Sedimentologists, 2015, Page: 340).

Within the interpreted seismic interval (Figure 3, red frame), it was possible to indicate two kinds
of depositional sequences connected to different types of sequence boundaries: the type I depositional
sequence with sequence boundary no 1 (SB1) and the type II depositional sequence with sequence
boundary no 2 (SB2).

Depositional sequences (type I) linked to SB1 are characterized by subaerial unconformities.
These sequences change their character basinward into correlative conformities. The configuration
of chronostratigraphic horizons of type I enables the identification of architectural elements that are
typical of falling stage system tract (FSST) deposits that manifest hydrocarbon potential (incised valleys,
slope fans and basin floor fans) [53]. These elements are also characterized by anomalous values of
seismic attributes (see next subsection). The complete type I sequence consists of four depositional
systems: falling stage system tract (FSST: Figure 3, brown—slope fan, yellow—basin floor fan), lowstand
system tracks (LST: Figure 3, pink—lowstand wedge), transgressive system tracks (TST: Figure 3, green)
and highstand system tract (HST: Figure 3, orange). In the bases of these sequences, it was possible to
identify the borders of SB1, which are characterized by terrestrial and marine erosion [47].
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Sequence boundaries (SB2) that are associated with type II deposition manifest the aggradational
deposition of the falling stage system tract (FSST). At the shelf margin, aggradational deposition
can be found, but the shelf area is not intensively eroded. Additionally, at the slope and basin floor,
there is a lack of fans. The influence of tectonic activity is visible. At the base of the slope, and also
basinwards (e.g., slope fans—sf; basin floor fans—bff), there exist areas where there is a lack of older
deposits that cannot be linked to a gap in sedimentation, but can be linked to the erosional cut
(underwater erosion). Three levels/areas with high erosional relief can be defined and are generated
by a cohesive debris floor (mudflow). Such processes might be linked to early forced regression [51].
The type II depositional sequence consists of an early falling stage system tract (FSST, Figure 3, purple),
which corresponds to forced regression in type I sequences (or, e.g., forced regression of the shelf margin
wedge), TST (Figure 3, green) and HST (Figure 3, orange). The lower boundary of these sequences
(SB2) is characterized by an erosional surface in a proximal shelf zone. Basinwards, this boundary
becomes correlative conformity.

Higher up in the profile, after each type I depositional sequence, a change in the depositional
axis can be observed. The character of the sequence elements is also modified (type II depositional
sequence). The direction of the siliciclastic material transport is SW, but the sea level drop is not rapid,
and the shelf area is not substantially eroded. These circumstances do not favor fan creation within
the slope and basin floor. At the shelf margin, aggradational deposition of falling stage system tracts
(FSSTs) takes place.

The facies that dominate the shelf (mainly in the SW part of the cross-section) are transgressive
deposits (TST, Figure 3, green), their architecture indicates shelf edge progradation. A substantial
part of these deposits are highstand deltas (Figure 3, orange) that are built of clinoforms and deposits
corresponding to the shallow sea level.

The heterogeneous complex has retrogradational–progradational characteristics with significant
thickness changes in specific depositional elements and a diverse architecture. This is a result of
few components that changed over time: sediment flux directions, subsidence and eustatic sea level
changes. The primary influence on the deposition must have been related to relative sea level changes
linked to subsidence rate fluctuations. The high distribution rate in the sedimentary basin seems to
limit fluvial erosion and move the shelf margin forward into the area of higher subsidence (depocenter).

Some of the depositional sequences are characterized by the lack of a link between the shelf and
deep basin sediments (see Figure 4a,b, around the second “TST” from the left). This is the result of
an erosional cut in the older deposits caused by younger deposits. This suggests that the rebuilding
of the sedimentary basin architecture took place, which is most likely linked to tectonic processes.
We observe a shift in the basin axis, which is crucial information from a prospecting point of view.
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4.2. Seismic Signatures for Unconventional Targets Prospecting

The interpretation of possible prospecting targets took into account the results of the sweetness
attribute and spectral decomposition. These two attributes give similar results, but their images are
slightly different. The sweetness attribute (Figure 4c) reveals more details that are associated with the
definition of the attribute and instantaneous character. The value of the attribute is assigned to each
sample at every time point. The amplitude image of the frequency slice (Figure 4d) is more blurred
than for the sweetness attribute. This is a result of the averaging effect of the FFT computed within the
specific time window. Nonetheless, for the presented low frequency volume (20 Hz), it is possible
to indicate the anomalous zones. These zones are affiliated with the attenuation of high frequencies,
which results in a shift in the dominant frequencies in the lower part of a spectrum. The presented
image indicates such regions (Figure 4d).

The zones of the highest hydrocarbon potential are linked to the FSST, especially the slope fans
and basin floor fans (Figure 4a, yellow; Figure 4c,d, bright colors—high amplitudes). Elements of
the transgressive sequence are also prominent (Figure 4a, brown). The transgressive sequence is
built of the fine clastic material and can play the role of a caprock (see Figure 4, “TST”—green).
There also exist anomalies suggesting hydrocarbon saturation in a transgressive sequence at the shelf,
but they have limited volume (Figure 4, “TST”—green, Figure 4c,d, bright colors—high amplitudes).
The high-resolution seismic image enabled us to indicate the potential hydrocarbon saturation in the
incised valley (see Figure 4, “IVF”).

From a hydrocarbon prospecting point of view, transgressive deposits might be prominent
exploration targets (TST, Figure 4a, green, Figure 4b). The main prism of these sediments is deposited
in the SW part of the section, near the shelf. The interpretation of the seismic reflection pattern in the
zone of maximal thickness indicates development towards the shelf. However, TST deposits manifest
a retrogradational character and hence cannot be the most prominent from a hydrocarbon prospecting
point of view. The most promising areas for hydrocarbon prospecting are as follows: (1) transgressive
sequences that fill incised valleys; (2) onshore barriers in the central part of a profile; (3) transgressive
deposits covering slope fans.

5. Discussion

Due to the high resolution of the data, it was possible to indicate incised valleys, which are
rarely seen on seismic sections. Their existence proves that we provided the correct definition of the
sequence boundaries. Incised valleys have very high hydrocarbon potential (both for conventional and
unconventional plays), here verified by the results of the sweetness attribute and spectral decomposition.
However, despite being small in size in the presented case, their existence shows the applicability of
the proposed methodology. Moreover, erosional truncations that are associated with the sub-aerial
erosion and diverse relief of the onshore part of the highstand delta (HST) could have been indicated
by chronostratigraphic interpretation.

It should be noted that there is an ongoing discussion regarding the methodology of sequence
boundary interpretation and the specialistic nomenclature [46,51,54,55]. Nevertheless, in the presented
study, we decided to divide sequence boundaries into two types, type I and type II [56], even though
type II discontinuities were recently considered to be an integral part of the failing stage system tract
(FSST; a shift in the shoreline basinward during one sequence with a fall in the relative sea level).

The high-resolution seismic image enabled the identification of differences in the failing stage
system tracts between type I and type II depositional sequences. The interpretation of a Wheeler
diagram made it possible to define and differentiate between FSST type II from lower-lying highstand
deposits (HST).

The heterogeneous sequence under analysis exhibits significant thickness changes and the
rebuilding of architecture. This is a result of continuous fluctuations in sediment flux, the rate of
subsidence and eustatic sea level. Depositional architecture is also controlled by intensive tectonics;
its influence is prominent in the non-according contacts between chronostratigraphic horizons and
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in the erosional cutting of older deposits by younger sediments [47,55]. Depositional sequences are
characterized by a geometry that ensures that the lack of a link between the shelf and basin deposits
can be proposed. After each erosional episode, signatures that prove the rebuilding of the sedimentary
basin can be defined; a shift in the basin axis toward the NE direction can also be indicated. The increase
in the transportation rate brings fluvial erosion to a halt and shifts the shelf margin towards a higher
subsidence area. This is proved by the increasing thicknesses of the sediments and the development of
basin elements (slope fans, basin floor fans). After stabilization, the sediment flux rate is lower than
the subsidence rate and the deposits exhibit retrogradational character until the next tectonic episode.

6. Conclusions

With the application of the seismic sequence stratigraphy method, it was possible to interpret
system tracts and depositional sequences. This helped us to understand the depositional history and
recovery of the depositional architecture of the sedimentary basin in the research area. Afterwards,
seismic attributes were applied in order to verify the reservoir properties within the analyzed interval.
The integration of these results enabled the identification of the prospective targets. Figure 5 summarizes
the main findings of the analysis.

It should be stipulated that, otherwise all of the indicated prospective targets are both source
and reservoir rocks, they should be considered as unconventional reservoirs. Moreover, there was no
hydrocarbon migration to the Machów Formation from outside. Such an approach gives great insights
into the interpretation of unconventional reservoirs.

Seismic sequence stratigraphy at the level of detail presented above is possible for high-resolution,
preferably 3D, seismic surveys. A sufficient resolution, in this case, was acquired by the detailed design
of the acquisition parameters, the importance of the survey design should be strongly advocated at this
point. The data that were shown are unprecedented in the Carpathian Foredeep area, manifesting high
vertical and horizontal resolutions. The results give weight to the argument that only high-resolution
seismic data for heterogeneous sequence interpretation might reveal details that help to understand
the depositional history of the Miocene formations in the Carpathian Foredeep sedimentary basin.

The detailed seismic image presented enabled accurate attribute interpretation, which was guided
by sedimentary analysis. The attribute values are clearly changing, and the shapes of the presented
anomalies are in agreement with the depositional interpretation. This proves that the choice of
attributes and their parametrization suited the given problem.

For heterogeneous sequence interpretation, sedimentary analysis is a necessary step that can not
only identify possible prospecting targets, but also define their geometry and tectonic involvement.
The tectonic setting is crucial for a reliable estimation of the hydrocarbon reserves and for well planning.
Such an approach is not routinely applied to the Miocene deposits of the Carpathian Foredeep. Instead,
these prospects are mostly treated as convenient targets, for which structural positioning is almost
exclusively applied. Based on the research results obtained, we propose a new methodological attitude
utilizing both seismic sequence stratigraphy and attribute analysis, with a particular emphasis on
frequency analysis.
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23. Moryc, W.; Jachowicz, M. Utwory prekambryjskie w rejonie Bochnia-Tarnów-Debica. Prz. Geol. 2000, 48,
601–606.

24. Jachowicz-Zdanowska, M. Organic microfossil as sem blages from the late Ediacaran rocks of the Małopolska
Block, southeast ern Poland. Geol. Q. 2011, 55, 85–94.

25. Moryc, W.; Nehring-Lefeld, M. Ordovician between Pilzno and Busko in the Carpathian Foreland
(Southern Poland). Geol. Q. 1997, 41, 139–150.

26. Buła, Z.; Habryn, R. Precambrian and Palaeozoic basement of the Carpathian Foredeep and the adjacent
outer Carpathians (SE Poland and Western Ukraine). Ann. Soc. Geol. Pol. 2011, 81, 221–239.

27. Zając, R. Stratygrafia i rozwój facjalny dewonu i dolnego karbonu południowej części podłoza zapadliska
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