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Abstract: The presented study is devoted to the subsurface Upper Jurassic carbonate buildups and
surrounding stratified inter-buildup deposits in the hitherto less recognized area, in comparison with
other parts of the northern Tethyan shelf in Poland and Europe. The study area is located within the
present-day Miechów Trough, almost entirely covered by thick Cretaceous and younger deposits.
This paper shows results of the interpretation of 2D seismic data, calibrated by data from deep wells.
Investigation of various elements of the Upper Jurassic carbonate depositional system in the Miechów
Trough is supported by seismic facies and attribute analysis. The four distinctive seismic facies—(A)
bedded, (B) mound-shaped, (C) contorted-chaotic, and (D) chaotic—were assigned to the main Upper
Jurassic sedimentary facies, represented by (1) bedded facies, (2) massive facies (carbonate buildups)
and (3) deposits of gravity mass-flows. The results of this study were used to construct a depositional
model for the Upper Jurassic succession, that focuses on the initiation, growth and demise of the large
carbonate buildups in this part of the basin. This paper also presents the more extensive distribution
of the Upper Jurassic carbonate buildups than was previously proposed for the Miechów Trough.
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1. Introduction

In the Late Jurassic, widespread development of carbonate buildups occurred in Europe,
particularly on the northern Tethyan shelf (e.g., [1–5]), which presently extends from Portugal
to Spain, France, Switzerland, southern Germany, Poland to Romania, and further east towards the
Crimea and Caucasus (e.g., [6–10]). The broad paleogeographical distribution of the Upper Jurassic
carbonate buildups reflects mainly (1) important global changes of the paleo-tectonic regime, caused
by the final break-up of Pangea and related regional paleo-tectonic changes along the continental
margins and adjacent shelf areas, (2) high global sea-level in the Late Jurassic, as well as the influence
of regional or local rise or falls in sea level on the carbonate sedimentation, and (3) significant changes
of paleoclimate, paleoecology, etc. (e.g., [1,5,11–14]; cf., [15]).

The Upper Jurassic carbonate buildups of the northern Tethys shelf developed on
extensive ramp-type platforms (e.g., [6,16,17]), and their differentiated deposits could be divided
into three main compositional types: (1) coral-dominated, (2) siliceous sponge-dominated,
and (3) microbialite-dominated (e.g., [3–6,8]). Intensive growth of the carbonate buildups took
place mainly during the Oxfordian, sometimes up to the Kimmeridgian; in some basins, however,
they might have developed locally even up to the Tithonian (e.g., [4,6,8,18–22]). The microbial crusts
(see e.g., [23–25] for more details concerning microbial structures) play important roles not only
within the microbial facies, but also in the sponge and coral facies, where they occur in variable
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quantities ([1]; see also [26,27]). The large and complex structures often developed as diverse
microbial-sponge buildups, with a well-pronounced so-called rigid framework [4,28]. Such carbonate
buildups, characterized by their present-day observed significant cumulative heights, reaching dozens
of meters, are suited for identification and interpretation using seismic data (see e.g., [29–38]).

Because of certain limitations of reflection seismic data, related to the vertical resolution of seismic
signal (e.g., [39]), seismic interpretation methods can be applicable only for the detection of relatively
large and complex structures, characterized by heights exceeding the limits of vertical resolution.
For the seismically interpreted Upper Jurassic strata in southern Poland, the vertical signal resolution
is usually in the order of 10–30 m [22,40–43]. Thus, carbonate buildups of at least such heights could
be identified on seismic data (cf., [40]).

During the last few decades, seismic data analysis proved its applicability in the analysis of
carbonate depositional systems, due to its ability to detect lateral facies’ changes from massive organic
buildups into surrounding stratified deposits, which are related to variations of the seismic reflection
patterns or so-called lateral seismic facies changes (for more details see, e.g., [44]). Depositional features
such as carbonate buildups can be often clearly visible on seismic data because of significant velocity
and density contrasts between different lithological types of carbonate rocks (e.g., contrast between
massive, reef limestones, bedded limestone and marls deposits), as evident from numerous recently
published papers dedicated to different aspects of the seismic interpretation of carbonate buildups of
different ages, and from various sedimentary basins (e.g., [37,38,45–53]).

The Upper Jurassic carbonate buildups from the northern Tethyan shelf and adjacent areas were
also investigated using seismic data; however, a relatively small number of seismic interpretation
studies have been published to date (e.g., [54–57]). Additionally, previous studies of the Upper Jurassic
carbonate buildups from southern Poland, based on seismic data, have been usually published in local
journals, with limited availability to international readership [22,40–42,58–65].

Seismic interpretation methods are an indispensable tool for the recognition and interpretation
of carbonate buildups and the surrounding deposits along these parts of the northern Tethyan shelf
margin, as well as in adjacent areas in Europe where the Upper Jurassic deposits are covered by younger
deposits and thus no outcrops are available. This paper fills this gap, and provides results of the seismic
interpretation of the subsurface Upper Jurassic carbonate buildups from the Miechów Trough, southern
Poland, where the Upper Jurassic rocks are almost fully covered by thick Cretaceous and younger strata
([66,67]; Figure 1). The Upper Jurassic succession in the Miechów Trough remains relatively poorly
recognized in comparison with the other parts of the Jurassic basin in Poland and western-central
Europe, especially in comparison to adjacent areas of the Kraków-Częstochowa Upland, and the
south-western margin of the Holy Cross Mountains, where the carbonate buildups are well-known
from numerous outcrops (e.g., [27,28,68–70]).

During the Late Jurassic, southern Poland formed an open shelf, or gently inclined carbonate
ramp, that connected the epicontinental sea with Tethyan basins (cf., [28,71,72]). The study area is
located within the central part of the Miechów Trough, approximately 50 km north-east from the
city of Kraków (Figure 1). The Upper Jurassic succession in the study area was drilled in 2011 by
two exploratory wells, which, together with three legacy wells, have been used to calibrate the 2D
seismic reflection data. In our previously published paper [43], we presented seismic evidence for
a system of large carbonate buildups identified in this part of the basin. The aim of this paper is to
present results of a more detailed study of the Upper Jurassic carbonate buildups and surrounding
stratified inter-buildup deposits, based on seismic facies and seismic attribute analysis. Results of
those studies were used to construct a depositional model for the Upper Jurassic succession, which
summarizes current knowledge derived from numerous studies, mostly based on outcrops integrated
with results of the analysis of the subsurface data (seismic and wells). Finally, an updated Late Jurassic
paleogeographic map for southern Poland and adjacent areas is presented, emphasizing a much more
extensive distribution of the Upper Jurassic carbonate buildups than previously proposed.
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basin after [67]); inset: location of the Miechów Trough at more regional schematic geological 
background of Poland. KCU—Kraków-Częstochowa Upland, WU—Wieluń Upland. 
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2. Geological Setting

2.1. The Permian–Mesozoic Polish Basin

The study area is located in the Miechów Trough (Figure 1), which belongs to the south-eastern part
of the Szczecin-Łódź-Miechów Synclinorium [73] that developed during the Late Cretaceous–Paleogene
inversion of the Permian–Mesozoic Polish Basin. This basin formed the easternmost part of a system
of epicontinental basins of western and central Europe [74–76]. Its most subsiding axial part—the
Mid-Polish Trough—evolved along the NW–SE-trending Teisseyre-Tornquist Zone (see [77] for a recent
summary and further references). The south-eastern part of the basin extended into the transition zone
towards the Tethyan Ocean. Since the Jurassic, the thickness and depositional pattern in this part of
the basin has been influenced by increased regional subsidence in the Tethyan domain, and also by
tectonic processes acting within the Polish Basin [78–85]. The Polish Basin was inverted during the
Late Cretaceous–Paleogene (e.g., [85–88]). This inversion was related to substantial uplift and erosion
of its axial part, which was transformed into a regional anticlinal structure—the Mid-Polish Swell
(Mid-Polish Anticlinorium; cf., [73,89]). Together with the Mid-Polish Swell, two regional synclinoria
were formed along both its sides, including the south-western Szczecin-Łódź-Miechów Synclinorium,
where the Miechów Trough is situated (e.g., [66]; Figure 1).

2.2. Late Jurassic Depositional System in Southern Poland: An Overview

The central and southern Polish part of the Late Jurassic depositional system in the south was
connected with the Tethys Ocean (e.g., [11,72,74,90]). The inner ramp facies, composed mainly of oolitic
and oncolitic deposits and different bioclastic grainstones, formed the northward-, north-westward-
and/or westward-prograding shallow-water carbonate platform (see e.g., [17–19,71,91]). The mid ramp
facies represent mostly open shelf microbial-sponge deposits (e.g., [6,17,69,71,72,92]). These diversified
deposits, sometimes categorized under the general term “sponge megafacies” [93,94], are built of
microbial structures (see e.g., [26,95]) and siliceous sponges, and are present within the northern Tethyan
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shelf in Europe [68,96,97]. The Oxfordian–lower Kimmeridgian carbonate ramp had evolved into a
carbonate–siliciclastic ramp, represented by the upper Kimmeridgian–Tithonian facies ([19]; cf., [16]).
In general, during the Kimmeridgian and Tithonian, the lateral extent of this epicontinental basin was
gradually decreasing [98,99]. Three major sedimentary sequences within the Upper Jurassic deposits in
central-southern Poland have been distinguished by Kutek [100], i.e., (1) the so-called COK Sequence,
encompassing Callovian, Oxfordian and Lower Kimmeridgian deposits (up to the Hyspselocyclum
Zone), (2) the so-called LUK Sequence, including the uppermost Lower–Upper Kimmeridgian (up to the
Eudoxus Zone), and (3) the so-called KVB Sequence, embracing the topmost Kimmeridgian, Tithonian
(“Volgian”) and Lower Berriasian sediments (cf., [19]). This in general correlates with the simplified
sequence stratigraphic scheme proposed by Gutowski et al. [16]. These sedimentary sequences comprise
the Callovian–Lower Oxfordian transgressive siliciclastic and marly facies, the Middle Oxfordian–Tithonian
carbonate and carbonate-siliciclastic facies, and the Tithonian–Lower Berriasian Purbeck-type deposits
(e.g., [19,20]; cf., [71]). The Upper Jurassic–lowermost Cretaceous sediments have reached maximum
thickness of ca. 1300 m within the area presently located beneath the Miocene Carpathian Foredeep basin,
located South from our study area (e.g., [16,18–20,100]). Recent studies allowed for more precise dating of
the Upper Jurassic succession, and the redefinition of some lithostratigraphic units (e.g., [21,101–105]).

The main processes that directly or indirectly controlled Late Jurassic sedimentation on
the northern Tethyan shelf in southern Poland included (1) sea-level and climate changes,
and (2) diversified syn-depositional tectonic activity, associated with the reactivation of older basement
faults (e.g., [16,27,28,100,106]). Various conceptions of a relatively complex tectonic history in the
southern segment of the basin, where the study area is located, have been postulated by different
authors (cf., [18,83,84,86,100]). According to Gutowski and Koyi [84], the evolution of this part of the
basin was significantly influenced by the reactivation of basement faults in a strike-slip regime that
controlled the extensive en echelon fault system within the sedimentary cover. Some authors suggested
that further interference with the normal fault system along the south-west border in the Mid-Polish
Trough resulted in the development of a distinctive, sigmoidal pull-apart basin during the Oxfordian to
early Kimmeridgian ([71]; see, e.g., [107] for more details and further references). Within the area of the
Kraków-Częstochowa Upland (KCU), adjacent to the Miechów Trough (see Figure 1), a reactivation of
Paleozoic faults might have initiated pulses of subsidence, which led to the formation of Late Jurassic
depocenters located above the Paleozoic grabens [27,92]. The differential subsidence was also inducted
by the occurrence of Paleozoic intrusions [108], which led to the formation of significant paleo-relief of
the Late Jurassic shelf-bottom, upon which carbonate buildups started to develop [27].

2.3. The Upper Jurassic in the Miechów Trough and Adjacent Areas

During the Late Jurassic, the study area was situated within the northern Tethyan shelf [71,83,109,110].
Following the deposition of transgressive siliciclastic–marly facies that prevailed in the early Oxfordian,
widespread carbonate open shelf sedimentation had developed in the study area [16,18,69,111,112].
The Oxfordian–lowermost Kimmeridgian (from upper Transversarium–Bifurcatus up to the Planula Zones;
cf. [19,103,105]) was a time of extensive growth of microbial-sponge carbonate buildups (bioherms)
in various areas within present-day central and southern Poland (cf., [27,28,68,69,92] and references
therein). The Oxfordian–Lower Kimmeridgian (up to the Planula Zone) microbial-sponge and coral
deposits represent mid ramp facies, which in the lower Kimmeridgian (Platynota–Hypselocyclum
zones) were replaced by inner ramp oolitic and oncolitic facies (e.g., [19,70,91,100,103,105,106,113–115]).
The evolution of the Oxfordian–Lower Kimmeridgian mid ramp facies into the Lower Kimmeridgian
inner ramp facies resulted from the general shallowing trend in sedimentary conditions, observed
progressively from E, NE and N, i.e., from the present-day Holy Cross Mountains area towards the
present-day Miechów Trough (e.g., [16,18,19,70,91,100,105]; Figure 1). The shallow-water facies are
represented by, for example, pelitic limestones, coral limestones, various oolitic limestones and oncolitic
limestones (e.g., [16,19,91,103,106,112,114,115]). The lower Kimmeridgian limestone succession is
intercalated with several well-pronounced marly layers or units (cf., [100,113]). The lowermost marly
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unit was dated at the end of the Planula Chron, and its appearance might have been induced by a
climate change or tectonic processes [103–105].

Kutek [100] subdivided the Callovian–Lower Kimmeridgian (up to the Hypselocyclum Zone)
succession into two intervals, related to different stages of tectono-sedimentary evolution, that are
separated by one of the key marly units, the so-called Lowermost Marly Horizon [100,113]. It is
included in the Lower Platynota Zone, and plays the important role of a regional isochronous marker in
stratigraphic correlations of the Upper Jurassic in central and southern Poland (cf., [106]). Between those
two intervals, distinctive facies changes occurred (e.g., [17,100,116]). They were marked by: (1) the
demise of the carbonate buildups, (2) carbonate platform drowning, linked with the development of
marly facies, and (3) the occurrence of gravity mass-flows [106].

The Upper Jurassic succession in the Miechów Trough included various outer-, mid- and
inner carbonate ramp-type platform facies [16,91,106,112,114]. According to Złonkiewicz [112],
the Callovian–Upper Jurassic sedimentary succession in the study area genetically resembles the
Upper Jurassic succession outcropping in the south-western margin of the Holy Cross Mountains
(cf., [18,91,111,114]). The main Upper Jurassic lithological units in the Miechów Trough include
(1) sponge limestones, which refer to the so-called Morawica Limestone Member, (2) pelitic,
pelitic-sponge and pelitic-coral limestones, which correspond with so-called Siedlce Limestone
Member, and (3) microbial-sponge limestones, related to so-called Massive Limestone Member [112].
Above those carbonate units, the deeper-water marly facies, and various inner ramp oolitic facies and
marly limestone facies, are present ([16,113]; cf., [19,105,106]). As suggested by some authors, the area of
the present-day Miechów Trough was divided into two zones characterized by different developments
of the Upper Jurassic facies ([e.g., [18,103]). In some parts of the southern part of the Miechów Trough,
currently covered by the Miocene infill of the Carpathian Foredeep basin, the carbonate buildups grew
until the Tithonian [18]. In the study area, the top of the Upper Jurassic strata is clearly erosional, and it
is covered by the transgressive Cenomanian siliciclastic deposits (see e.g., [71]). The Lower Cretaceous
sediments are not present in this part of the basin, as during the Early Cretaceous, southern Poland,
including the study area, formed emerged land, and underwent regional erosion [117]. Within the
almost entire Miechów Trough, the Upper Jurassic rocks are covered by the Cretaceous deposits,
represented by the Albian–Lower Maastrichtian (e.g., [118]), and, in its south-eastern part, also by the
Miocene deposits of the Carpathian Foredeep (e.g., [67,119,120]).

Numerous sedimentological and stratigraphic studies of the Upper Jurassic deposits outcropping
along the flanks of the Miechów Trough (within the margins of the Holy Cross Mountains
and in the Kraków-Częstochowa and Wieluń Uplands; Figure 1) have been carried out to date
(e.g., [17,19,27,28,68,70,91,93,95,103,104,106,111,113,116,121–125]). Similarly, numerous studies devoted to
the stratigraphy of the Upper Jurassic carbonate cover, located beneath the Miocene of the Carpathian
Foredeep (i.e., south from the Wisła river, see Figure 1), have been also carried out using well data during
intense exploration for hydrocarbons (e.g., [18,20,21,101,102,126,127]). According to the recently proposed
reassessed, or more detailed, stratigraphic subdivisions, the complete Oxfordian through Valanginian
succession is present within the most south-eastern part of the basin, with Oxfordian–Kimmeridgian strata
characterized by significantly lower than previously assumed thickness, and much more extensive (in
comparison with other parts of the Polish Basin) stratigraphic range of the “sponge megafacies” deposits,
reaching up to the lower Tithonian ([18]; cf., [21,22]). Some of these findings could probably also be adopted
to refine the stratigraphy of the Upper Jurassic succession in the study area, although this would require
detailed biostratigraphic studies based on well cores that are currently not available.

3. Data and Methods

3.1. Well Data

Data from five wells provided the well calibration of seismic data used in this study (Figure 2).
Two of these wells (Chopin-1 and Belvedere-1) were drilled in 2011 by San Leon Energy company (SLE).
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These two exploratory wells contain a wide spectrum of modern well log measurements, including
natural gamma-ray, resistivity, neutron porosity, sonic and density logs, as well as mud-logging.
However, neither of them have been cored, and the lithological descriptions are based exclusively
on cuttings. For 3 legacy wells, Michałów-3, Węchadłów-1 and Lipówka-1, drilled in the mid-1960s,
only natural gamma-ray (GR), resistivity and sonic logs were available. Therefore, the suitability
of well log data that might be useful for detailed seismo-stratigraphic analysis was rather diverse.
Furthermore, the stratigraphic information for the Upper Jurassic strata substantially differs between
the legacy wells and two exploratory wells. In the 3 older wells, the Upper Jurassic succession was
subdivided into Oxfordian, Rauracian and Astartian, following classic stratigraphic subdivisions being
used in the mid-20th century (see [43] for more details and further references). In the late 1960s to
early 1970s, Rauracian and Astartian had been incorporated into the upper Oxfordian (e.g., [128,129]).
On the other hand, in the Chopin-1 and Belverere-1 wells, the Upper Jurassic strata was subdivided
into Oxfordian and Kimmeridgian; this stratigraphic subdivision was, however, based solely on
gross lithological characteristics derived from well cuttings and well log interpretation, without
any proper biostratigraphic studies (cf., [43]). As a consequence, the Upper Jurassic stratigraphic
tops from legacy wells, and modern SLE wells, are not exact stratigraphic equivalents. Due to
those ambiguities, the accurate stratigraphic position of the Upper Jurassic carbonate buildups
described in this paper remains partly uncertain. Results of biostratigraphic investigations from the
south-easternmost part of the Miechów Trough, located beneath the Miocene Carpathian Foredeep
basin ([18,101,102]; cf., [21]), revealed that the age of congruous organic buildups ranges from the
Oxfordian to Kimmeridgian, and sometimes even up to lower Tithonian ([20,22] and references therein).
Possibly, similar modifications in the Upper Jurassic stratigraphy might be needed in the study area,
but this could be accomplished only by using well cores that are currently not available. It should be
emphasized, however, that the precise stratigraphic position of the analyzed Upper Jurassic succession
does not have any influence on the seismic data interpretation presented in this paper, and it should
only be remembered that reassessed stratigraphic schemes might in the future allocate seismically
recognized carbonate buildups into partly different Upper Jurassic stratigraphic units.
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3.2. Seismic Data

Seismic profiles used in this study represent two types of data: (1) longer legacy profiles, acquired
in the early 1990s; (2) short profiles acquired by SLE in 2011 (Figure 2). All the profiles were stacked
and time migrated, however some seismic artefacts, such as diffraction “smiles”, are still partly visible.
Further, the velocity pull-up effect could be observed beneath the large carbonate buildups, which is
distorting the geometry of the seismic horizons below the Upper Jurassic interval. The seismic vertical
resolution for the Upper Jurassic interval varies between ca. 10 and 20 m for the SLE lines, and ca.
20 and 30 m for the older legacy data. This determines the vertical size of sedimentary and other
features, that could be unequivocally recognized using this data.

3.3. Methods of Data Integration and Interpretation

The integration of well and seismic data was based on the construction of synthetic seismograms.
The synthetic seismogram, i.e., the seismic trace calculated using sonic and density logs, is compared to
the recorded seismic trace near the well location (see, e.g., [130] for more details concerning synthetic
seismogram methodology). A precise well-to-seismic tie using synthetic seismograms was achieved
for the 3 key calibration wells, i.e., Chopin-1, Belvedere-1 and Michałów-3. The well-to-seismic tie
procedure was also carried out for Węchadłów-1 and Lipówka-1 wells; however, due to an overall
poor quality of the available logs, the accuracy of this calibration was significantly lower (cf., [43]).

The interpretation of seismic data consisted of two phases. The first one, the “structural” phase
of interpretation, included identification of the main faults and main stratigraphic horizons (top
Paleozoic, top Triassic, top Middle Jurassic, top Upper Jurassic and top Cenomanian). The second,
the “seismo-stratigraphic” phase of interpretation, concerned the Upper Jurassic succession, and was
focused on its depositional architecture, especially on detailed recognition and description of carbonate
buildups. This phase embraced the interpretation of all key seismic horizons and local fault patterns.
It was supported by seismic facies analysis in order to associate lateral seismic facies changes and
seismic reflection patterns with the main Upper Jurassic depositional environments. Analysis of
seismic facies relies on a recognition and classification of distinctive groups of seismic reflections
(i.e., reflection patterns). Their further description, based on seismic characteristics, such as reflection
configuration, continuity, amplitude, etc., allows for linking them to elements of a depositional system
or sedimentary features (cf., [131,132]). An accurate definition of the seismic facies unit was provided
by Roksandić [133], which connects seismic facies with sedimentary units, and which varies from
adjacent ones in its seismic characteristics. The seismic facies analysis conducted in this study was
supported by more advanced techniques, such as seismic attribute analysis. This second phase of the
interpretation was the key stage of the study presented in this paper, and it was carried out for the
short SLE profiles, and partly also for the legacy profiles.

3.4. Seismic Attributes

Seismic attributes are internal properties of a seismic signal (such as amplitude, frequency,
etc.) derived from seismic data ([134]; for more details concerning the basic theory, description and
classification of multifarious seismic attributes, see [135]). Such mathematically transformed seismic
traces are often more directly related to certain geological features; for example, attribute seismic data
could help to better distinguish lateral lithological changes (cf., [135]), or more clearly emphasize the
presence of carbonate buildups (e.g., [40,136]).

The seismic attributes used in this study were restricted to the primary so-called instantaneous
attributes (or the complex trace attributes), that are based on the Hilbert transform [39,137].
The calculated seismic attributes that were used for the analysis included instantaneous amplitude,
instantaneous phase, the cosine of instantaneous phase, and the pseudo-relief. The instantaneous
amplitude measures the reflection strength and accentuates lithological contrasts within the seismic
profile. The instantaneous phase and the cosine of instantaneous phase more clearly depict lateral
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discontinuities (including faults) and lateral facies changes (e.g., [39,134]). The pseudo-relief is based
on the combination of the RMS amplitude and Hilbert transform attributes (see [135] for details), and it
provides the outcrop-like representation of the seismic data (cf., [138]).

4. Results

4.1. Well-to-Seismic Tie and Seismic-Stratigraphic Context

The correlation of well and seismic data was based on synthetic seismograms (Figure 3).
Statistical wavelets extracted from seismic data have been used, with a dominant frequency of 30–35 Hz,
and a signal length that varied between 120 and 150 ms. The two deepest wells, Węchadłów-1 and
Lipówka-1, reached the top of the Paleozoic basement. The three other wells (Michałów-3, Węchadłów-1,
Lipówka-1) were used for calibration of the top Triassic and top Middle Jurassic, while the top of the
Upper Jurassic (J3) and top of Cenomanian (Kcn) were calibrated by all five wells. The best fit between
synthetic seismograms and seismic data was obtained for SLE wells (Chopin-1 and Belvedere-1), due to
the high quality of available sonic and density logs, which provided a precise time–depth relationship
between the wells (in the depth domain) and seismic data (in the time domain). That was a critical
step which allowed for the detailed correlation of stratigraphic boundaries and lithological profiles
with seismic data. Moreover, extensive 1D seismic-stratigraphic analysis, which was carried out for
the Chopin-1 and Belvedere-1 wells, enabled us to find a distinctive relationship between the Upper
Jurassic lithology, facies and their seismic image (see [43] for further details).

The results of well-to-seismic data correlation obtained for the Chopin-1 well have been selected
as a reference point for further seismic interpretation. This well drilled at its base was approximately
150 m of thick and homogenous hard limestone rocks, belonging to the carbonate buildup succession
(Figure 3). The same succession, although more lithologically heterogeneous than in the Chopin-1 well,
was drilled also in the Belvedere-1 well. These deposits are related to the massive limestones
(massive facies) that commonly represent large microbial-sponge carbonate buildups or coral reefs
(e.g., [17,19,27,69,124]). The top of the carbonate buildup complex in the Chopin-1 well was interpreted
as the top of the massive limestones, which was seismically associated with low-amplitude and was a
partly ambiguous reflector. This relatively poorly distinguishable seismic reflector is situated below the
strongly interfered, high-amplitude, negative reflector, linked with the marly zone (Figure 3). On the
other hand, the top of the massive limestones is very well visible on the natural gamma-ray log as a
substantial contrast between high readings (associated with the above laying marly facies) and the
much lower readings (related to the massive limestones). These low readings on the gamma-ray log
are clearly observed for the entire massive limestone succession (Figure 3).

Above the massive limestones, a succession comprised of marls and marly limestones is present.
Because of the increased content of clay minerals, this interval is clearly expressed by high readings
on the natural gamma-ray log (Figure 3). The entire interval was termed the marly zone, and it
is seismically expressed by high seismic amplitudes due to strong velocity contrasts between the
uppermost oolitic succession and the marly facies below, as well as due to the presence of marls and
marly limestone alternations. The top and the base of this interval were difficult to discern using
only seismic data, due to the strong seismic tuning effects, and thus identification of the marly zone
relied mainly on the well logs interpretation (natural gamma-ray log). Precise detection of the marly
layers was hampered by intensive intra-bedded signal interference and seismic tuning, as well as
the relatively low thickness of at least part of these marly units, which, in general, are at the limit of
seismic data resolution (cf., [69,103]). Therefore, it was not possible to identify any of these layers using
exclusively seismic data, although they are encompassed within the seismically identified marly zone
(Figure 3). Generally, in the distinguished marly zone, the marly layers are interbedded by various
limestone–marly strata. Similar marly–limestone layers or intercalations are present also within the
lower part of the J3U interval (see below), and are related to high peaks on the gamma-ray log (Figure 3).
Moreover, it should be emphasized here that, due to certain limitations of the seismic data described
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above (vertical resolution versus relatively thin marly beds), the upper part of the marly zone might
extend into the lowermost part of the J3U interval, and both intervals, as such, can dovetail into each
other in the analyzed seismic image (see Figure 3).
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Figure 3. The Chopin-1 result of well-to-seismic tie using synthetic seismogram, correlated with
simplified lithostratigraphic profile for the Upper Jurassic succession and its Cenomanian overburden.
Main depositional systems are based on [16,19,85]. Abbreviations: J3—stratigraphic top of the Upper
Jurassic, Kcn—stratigraphic top of the Cenomanian, tcb—top of carbonate buildup deposits (represented
by massive limestones) interpreted from the 1D seismic-stratigraphic analysis [43]. Main seismic
horizons: Cenomanian top, Upper Jurassic top. Top of the buildup deposits is marked by blue
solid line. Distinguished seismo-stratigraphic units: (1) the J3U unit (i.e., the uppermost Upper
Jurassic seismic-stratigraphic unit; cf. [43]) related to shallow-water oolitic facies, (2) the marly
zone—seismo-stratigraphic interval embracing marly and marly–limestone facies.

Above the marly zone, the J3U unit associated with differentiated deposits of the shallow-water
carbonate platform [16,18,85], is present (Figure 3). This uppermost part of the Upper Jurassic succession
in the study area comprises various oolitic and oncolitic facies, alternated by marly limestones and
marls. Such alternations can be observed as high peaks on the natural gamma-ray log (Figure 3).
However, due to relatively low thickness, in the order of 5–10 m, from those intercalations, it was not
possible to identify them on seismic images without additional information from the well-log data,
as many of these layers are generally below the vertical seismic data resolution. Therefore, the observed
seismic image of the uppermost part of the Upper Jurassic succession (J3U seismic-stratigraphic interval,
cf., [43]) is partly scattered by intra-bedded signal interferences (Figure 3). These interferences, caused
by the strong overlap of reflective signals from the limestone strata and from the marly intercalations,
have finally shaped the amplitude of all seismic horizons within the J3U interval, and this is the reason
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why this seismic-stratigraphic unit is expressed by a series of high-amplitude positive and negative
seismic horizons (Figure 3).

The stratigraphic top of the Upper Jurassic was correlated with the well-pronounced
high-amplitude positive reflector related to the erosional surface, above which the Cenomanian
strata are deposited (Figure 3). As a result of the regional emergence of land and erosion in the Early
Cretaceous, the youngest Upper Jurassic deposits were removed ([16,71]); the erosional gap includes
also the entire Lower Cretaceous strata [117].

The relatively undifferentiated seismic image of the lowermost part of the Upper Cretaceous is
related to the homogeneous lithology of siliciclastic Cenomanian deposits (see e.g., [139–141]). The low
to medium amplitude response of this seismic interval might also be influenced by interference between
signals reflected from the top and the base of thin sandstone beds. Such a tuning effect was described
for Cenomanian deposits from the adjacent area located more in the south [142].

4.2. Interpretation of Seismic Data

4.2.1. Structural Interpretation of Seismic Data

The main seismic horizons defining the general structural grain of the broad study area, i.e.,
top Paleozoic, top Triassic, top Middle Jurassic, top Upper Jurassic and top Cenomanian, have been
interpreted both on longer legacy profiles as well as on shorter SLE profiles. The J3U seismic-stratigraphic
unit has also been interpreted using all these seismic profiles. Because of the lower quality and vertical
resolution of the legacy seismic data, the marly zone has not been correlated in the legacy profiles.

The interpretation of the longer legacy seismic profiles revealed that the present-day structure of
the study area was strongly influenced by the Late Cretaceous–Paleogene regional inversion of the
Polish Basin (cf., [75,85,88]). Reverse faulting along the fault zones rooted in the Precambrian
crystalline basement is clearly visible (Figure 4). The north-west– south-east oriented major
fault zones are associated with inversion anticlines that developed within the Mesozoic cover.
Considerable thickness variations, observed within the Upper Jurassic succession across these main
faults, might suggest their syn-depositional activity in the Late Jurassic (cf. also [84,107]). Their most
recent, main phase of activity was related to the Late Cretaceous–Paleogene inversion, which resulted in
compressional–transpressional reactivation of the major basement faults. The inversion-related faulting
and folding is visible within the entire Upper Cretaceous (Cenomanian–Maastrichtian) sedimentary
cover, pointing to the latest Cretaceous–post-Cretaceous (Paleogene) age of the last phase of inversion
tectonics in this part of the basin (Figure 4).
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Figure 4. Interpreted legacy seismic profile from the Miechów Trough (see Figure 2 for location).
NW–SE-oriented Opatkowice and Kostki Małe major fault zones are rooted in the Paleozoic and older
basement, and associated with inversion anticlines developed within the Mesozoic cover during Late
Cretaceous–Paleogene inversion of the Polish Basin. Two carbonate buildups were identified in this
profile; one of them was partly drilled by the Chopin-1 well.
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The pre-Mesozoic (Precambrian–Carboniferous) rocks of the Małopolska Block [73] are covered
by the Triassic and Middle Jurassic deposits deposited within the southern outskirts of the Polish
Basin. Within the entire Upper Jurassic succession in the study area, considerable lateral thickness
changes are visible, which are related to variable Late Jurassic local subsidence patterns (Figure 4;
cf., [107]) and later erosion (cf., [71]). The thickness of the Upper Jurassic interval is generally increasing
towards the north-east (Figure 4), i.e., towards the Holy Cross Mountains, where the axial and most
subsiding part of the Polish Basin was situated (Figure 1). The Jurassic–Cretaceous boundary is related
to a subtle unconformity or disconformity that truncates the Upper Jurassic succession. The effect of
the pre-Cenomanian erosion could be observed for the J3U seismic unit, whose uppermost seismic
horizons form subtle truncation contacts towards the south-west (Figure 4). The Lower Cretaceous
deposits are not present in the study area due to the regional emergence of land [117].

4.2.2. Seismic Facies Analysis

The seismic facies analysis was carried out for the entire Upper Jurassic interval in order to
associate the main reflection patterns with the main depositional facies. The four main types of the
seismic facies (A, B, C, D) have been distinguished (Figure 5). The proposed classification relies on
reflection configuration, the continuity of seismic reflectors and amplitude characteristics.
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Figure 5. Results of seismic facies analysis for the Upper Jurassic interval. Four types of seismic facies
were described and linked with the main sedimentary environments: (1) A—bedded seismic facies
related to bedded facies of the inter- and intra-buildup sub-basins (2) B—mound-shaped refers to
carbonate buildups, (3) C—contorted-chaotic observed at the cores of carbonate buildups, (4) D—chaotic
seismic facies associated with talus or with deposits of the gravity mass-flows.

Seismic facies type A is very common within the entire study area, and was termed the bedded
seismic facies (Figure 5). This type is most pronounced within the upper parts of the Upper Jurassic
interval. The reflection geometry of type A seismic facies is characterized by distinctive parallel and
highly continuous seismic reflections. Analysis of reflection amplitude provides important information
about velocity and density (acoustic impedance) contrasts at given geological boundaries [131].
Within the type A seismo-facies, the observed reflection amplitudes are rather high, which suggests
significant lithological contrasts between well-stratified deposits. Such variability might be associated
with the presence of high-impedance limestones intercalated by marly layers, that are characterized
by much lower acoustic impedance. However, this reflection pattern was also modified by strong
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intra-bedded interference and the seismic tuning effect, caused by the seismic response from relatively
thin marl–limestone alternations within the well-bedded succession (cf., [69]). The interpreted seismic
facies A might be related to the bedded limestones and marls (forming the so-called bedded facies, see,
e.g., [28]), typical for inter- or intra-buildup areas or sub-basins (see, e.g., [69]). These bedded seismic
facies are also dominant for the entire J3U seismic unit that is overlying the carbonate buildups and
intra-buildups basins, and could be associated with the well-bedded and lithologically diversified
deposits of the shallow-water carbonate platform (cf., [18,71,105,106,112]).

The other seismic facies types (B, C and D) are less common. This suggests that the depositional
facies they are associated with occur more locally. Seismic facies of type B represent mound-shaped
reflection geometry, characterized by semi-continuous or partly discontinuous seismic reflections
and high to medium reflection amplitude (Figure 5). Such a reflection configuration pattern has
been well-described in the literature, and is often referred to as carbonate buildups (e.g., [29,39,44]).
The interpreted seismic pattern is typical for upper parts of carbonate buildups (see Figures 5–7).

Seismic facies type C represents contorted to chaotic reflection geometry and medium to strong
reflection amplitude (Figure 5). It is predominantly observed within the cores of carbonate buildups (see
Figures 6–8). Lack of, or very low continuity of, seismic reflectors is related to the high-energy carbonate
deposits forming reefal bodies (see e.g., [39]). Subsequent growth of the organic buildup is seismically
expressed by the domination of diverse contorted and chaotic reflection patterns. The common occurrence
of the type C seismic facies in the cores of the carbonate buildups could be related to their rigid framework,
which is characteristic for the massive facies represented by microbial-sponge deposits (cf., [28,143]).

The type D seismic facies represents chaotic and low amplitude seismic reflections (Figure 5).
This distinctive reflection pattern is observed close to the edges of large carbonate buildups (see
Figures 7 and 8). This seismic facies type could be linked with high-energy deposits surrounding
organic buildup, that usually form talus, developed in front of a reef complex and containing mixed
and reworked debris originating from the reef (e.g., [39]). The chaotic seismic facies identified in
analyzed seismic profiles might be evidence of the mass-gravity transport off the buildups, which
commonly occurred in the adjacent part of the basin at the turn of the Oxfordian and Kimmeridgian,
and usually formed differentiated debris-flow deposits (e.g., [28,103,143]).

4.2.3. Seismic Attribute Analysis

The results of seismic attribute analysis for one of the legacy seismic profiles are shown in
Figure 6. The analyzed part of this seismic profile embraces two carbonate buildups (Figure 6a).
Local morphological highs beneath the Upper Jurassic interval suggest the presence of paleo-highs
within the pre-Jurassic basement, that might have controlled the evolution of Upper Jurassic carbonate
buildups (Figure 6a). It should be taken into account, however, that for seismic data in the time domain,
analyzed pre-Jurassic basement geometry may be to some degree influenced by local velocity pull-up
effects beneath the massive limestones that are characterized by higher seismic velocities than adjacent
deposits (e.g., [29]; see [43] for more details).

The instantaneous amplitude (reflection strength) display, that is shown in Figure 6b, well
underlines the main lithological contrast between the Upper Jurassic carbonate succession and the
Cenomanian siliciclastic strata (cf., [22,40,42]). High values of the instantaneous amplitude also
highlight the presence of the erosional top of the Upper Jurassic succession. The reflection strength
shows highest values for the entire J3U seismic unit, i.e., within the uppermost part of the Upper
Jurassic interval associated with oolitic and oncolitic facies, marly limestones and marls (Figure 6b,e).
This is due to the significant vertical contrast between seismic velocities and densities between the
Cenomanian siliciclastics and carbonates of the Upper Jurassic shallow-water carbonate platform
succession (Figures 3 and 6e; cf., [71,105,106]). Siliciclastic Cenomanian deposits are characterized
by much lower seismic velocities than the seismically fast (about 5000 m/s) oolitic facies below.
Such velocity changes resulted in high reflection coefficients at the Upper Jurassic–Cenomanian
boundary. Such a significant contrast could be observed in the original (standard amplitude display)
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seismic data, as well as in the phase-independent (e.g., [137]), instantaneous amplitude display (cf.
Figure 6a,b). Carbonate buildups represent low and medium reflection strength values, which generally
coincide with their distinctive reflection pattern described by the seismic facies analysis (seismic facies
type B–C; cf., Figures 5 and 6b). The instantaneous phase attribute highlights the continuity of seismic
reflections, and provides a better differentiation between the bedded seismic facies and carbonate
buildups (Figure 6c). The bedded seismic facies exhibit very high continuity in the instantaneous phase
display (Figure 6c,e). They are associated with the J3U unit, and inter- and intra-buildup sub-basins.
On the other hand, the carbonate buildups revealed a distorted instantaneous phase image (Figure 6c,e).
Such a distinctive attribute image coincides with the seismic facies identified for the carbonate buildups,
characterized by semi-discontinuous or contorted/chaotic reflection patterns (Figures 5 and 6c,e).
The pseudo-relief attribute highlights the outline of the carbonate buildups (Figure 6d,e).
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The results of seismic attribute analysis, carried out for the SLE seismic profile, are shown in
Figure 7. This seismic profile shows the large carbonate buildup that was drilled by the Chopin-1 well.
This structure was stratigraphically calibrated using well data via high-quality synthetic seismogram
(Figure 7a). The seismic image of the core (interior) of this buildup represents type C contorted-chaotic
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seismic facies. The base of the structure is not clearly visible due to the lower quality of the seismic
image (Figure 7a,e). The lateral extent of the bedded seismic facies surrounding the carbonate
buildup on both its sides is much better highlighted by the instantaneous phase attribute (Figure 7b).
Moreover, the distortion within the instantaneous phase display indicates the exact position of the
carbonate buildup on this seismic profile (Figure 7b,d). The application of the pseudo-relief attribute
revealed more reflections within the buildup’s interior, and much better emphasized its outline in
comparison with the original amplitude seismic data (Figure 7a,c). Numerous discontinuous reflections
within the core of the structure might evidence the high-energy sedimentary environment, favorable for
the growth of the organic buildup (e.g., [39]). This carbonate buildup is bordered by the normal fault on
its western side, and is also partly dissected by small-scale faults on its eastern side (Figure 7a,d). A more
detailed image of this part of the seismic profile was provided by the pseudo-relief attribute, which
also shows discontinuous reflections outside the reefal body continuing within its slope, and further
into the east, towards the bedded facies (Figure 7c). This generally chaotic reflection pattern might
be associated with the reefal talus, which is partly restricted by relatively small-scale normal faults
(Figure 7c,d). Evidence of some local syn-depositional tectonic activity, revealed by the lateral thickness
variations of the J3U, is also noticeable. The greater thickness of the JU3 interval is observed within the
eastern part of this seismic profile, located above the inter-buildup sub-basin, and could be associated
with the locally increased subsidence, and as a result, the increased accommodation space (Figure 7d).
Such laterally variable syn-depositional subsidence might have been related to the activity of normal
faults bordering the analyzed carbonate buildup, related to differential compaction (see below).
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Figure 7. Seismic profile showing carbonate buildup partly drilled by Chopin-1 well (see Figure 2
for location); (a) uninterpreted standard amplitude display, (b) cosine of the instantanous phase,
(c) pseudo-relief, (d) interpreted seismic data. Abbreviations: tcb—interpreted top of carbonate
buildup, J3—top of the Upper Jurassic, Kcn—top of the Cenomanian, SSYNT—synthetic seismogram.
Yellow box indicates discontinuous reflection pattern (chaotic seismic facies) present along slope of the
carbonate buildup, associated with talus deposits.
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5. Discussion

5.1. Limitations and Potential Factors Influencing Seismic Expression of Carbonate Rocks

This paper provides the results of seismic interpretation, that allow for new insights into
the subsurface Upper Jurassic carbonate buildups in the Miechów Trough. The conducted
seismo-stratigraphic analysis required precise calibration between seismic and well data (lithological
descriptions from cuttings and a set of modern geophysical logs). However, such an approach,
based on seismic facies analysis, for the examination of buried carbonate rocks is considered a
challenging task, due to the particular geologic characteristics of these sediments (cf., [44]). It should
be remembered that most of the seismic reflections in sedimentary rocks have a composite character
associated with contrasts in acoustic impedance. Important potential factors that might influence the
acoustic impedance of carbonate rocks include changes in porosity and pore network structure, related
to diagenetic history [144]. The diagenetic processes may considerably overprint the depositional
architecture in carbonate settings, which, as a consequence, led to a distortion of the seismic imaging of
carbonate strata and related seismo-stratigraphic interpretation of particular elements of the sedimentary
environment [144]. In recent years, work by Burgess et al. [36] has been published that describes
various limitations and potential factors influencing the seismic expression of carbonate buildups.
Besides, numerous publications show one how to deal with potential limits in the seismo-stratigraphic
interpretation of carbonate depositional systems, and to what extent modern seismic data can be used
for the analysis of the evolution of ancient carbonate platforms, the examination of karst systems, or the
impact of diagenesis (e.g., [49,52,144]). It has also been recommended that the investigation of the
elements of the carbonate depositional system (including carbonate buildups), via the seismic facies
approach, should be supported by adequate calibration between seismic data and sedimentological and
diagenetic data obtained from well-cores [144]. Taking the above into account, an important restriction
that this study had to deal with was a lack of core material. The conducted seismo-stratigraphic
analysis was supported exclusively by lithological descriptions, based on cuttings, and by well log data.

5.2. Role of Differential Compaction

One of the important mechanisms that operated during and after deposition of the Upper Jurassic
succession was differential compaction. Various aspects, concerning the compaction of carbonate rocks
and its influence on different elements of the depositional architecture of the Upper Jurassic basin in
southern Poland, have been described for the equivalent deposits that are outcroppings in the adjacent
Kraków-Częstochowa Upland (e.g., [95,125,145,146]). In this well-recognized area, the Upper Jurassic
succession consists of both carbonate buildup complexes and bedded detrital and pelitic limestone
facies, present within the inter- and intra-buildup areas (e.g., [28,69,92,95,124]). Carbonate buildups and
bedded facies reveal differential susceptibility to compaction [125]. Organic buildups with developed
rigid frameworks were much more resistant to compaction in comparison with the well-stratified,
compaction-prone bedded (basinal) limestone–marly deposits [95]. According to some authors,
the differential compaction between the carbonate buildups and the bedded (basinal) facies was
one of the factors that might have controlled the paleo-relief of the sea-bottom in the Late Jurassic
basin [95,125].

Mechanical compaction had started already during deposition, and affected sediments until their
lithification was completed (early diagenesis), whereas chemical compaction (pressure dissolution)
commenced at the end of early diagenesis, and operated during late diagenesis ([125], see, e.g., [147,148]
for details). According to Matyszkiewicz and Kochman [146], the pressure dissolution of the Upper
Jurassic sediments ensued in two stages. The first stage operated at the end of the Late Jurassic, when
the thickness of the overburden was sufficient to initiate this process [100,146]. The explicit break in
compaction processes was related to the Early Cretaceous widespread regional erosion within the
emerged land in southern Poland ([117,146]; cf., [149]). After this erosional stage, which reduced the
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overburden pressure (cf., [100,149]), the second stage of compaction commenced in the Late Cretaceous,
once a sufficient thickness of sediments had accumulated to re-initiate pressure dissolution [146].

Several seismic evidences strongly support such a two-tier compaction scenario. Seismic horizons
that are surrounding the carbonate buildup reveal characteristic compaction sags (Figure 8). Such a
distinct seismic geometry indicates that rigid carbonate buildups were subjected to much lower
compaction, in comparison to the compaction-prone, well-stratified basinal deposits formed between
them (cf., [95,125]). As a result of the greater compaction of the bedded facies present within the
inter-buildups areas, the characteristic draping of seismic horizons above the carbonate buildups (J3U
seismic unit) can also be clearly observed (Figure 8).
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Figure 8. Interpreted seismic profile across the carbonate buildup, see Figure 2 for location.
The Upper Jurassic interval shows strong compaction sag of the bedded deposits, which surround the
compaction-resistant organic buildup (blue dotted lines). Effect differential compaction is also observed
within the lower parts of the Upper Cretaceous interval (green dotted lines).

Seismic data documented also the second, Late Cretaceous stage of compaction, that operated in
the study area. Careful analysis of seismic data indicates that the Cenomanian succession generally
imitates the morphology of the pre-Cenomanian paleo-surface, despite earlier formulated ideas that
Cenomanian clastics gradually infilled post-Late Jurassic/post-Early Cretaceous paleo-morphology
(cf., [139,140,142,150,151]). Seismic data shows that the Cenomanian succession, together with the
lower part of the post-Cenomanian succession, drapes underlying Upper Jurassic paleo-morphology
(see Figures 7 and 8). Such geometry of the Upper Cretaceous seismic horizons could be at least
partly related to the locally differentiated subsidence pattern, that might have been associated with the
ensuing second stage of differential compaction of the Upper Jurassic sediments, in agreement with the
model of Matyszkiewicz and Kochman [146]. Laterally variable compaction within the Upper Jurassic
carbonate deposits has resulted in laterally variable subsidence during the early Late Cretaceous. This is
documented by clearly divergent seismic packages within the Cenomanian succession, characterized by
greater thicknesses above the intra-basinal finer-grained Upper Jurassic deposits, and lesser thicknesses
above the rigid Upper Jurassic carbonate buildups (Figure 8). Draping above the Upper Jurassic
carbonate buildups is visible in the lower part of the post-Cenomanian succession, and it progressively
diminishes upward, suggesting the diminishing role of the compaction of the underlying Upper
Jurassic carbonates, and probably also, to some degree, the lowermost Upper Cretaceous siliciclastics.
Recently published seismic studies from other sedimentary basins have provided generally similar
observations, regarding the effects of differential compaction associated with the carbonate buildup
deposits of the Paleogene isolated carbonate platform from the Offshore Indus Basin ([50,51]. As shown
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by Shahzad et al. [51] (Figure 10 therein), characteristic draping effects above the buildup can be clearly
observed within the younger overburden, caused by differential compaction.

Burgess et al. [36] stressed that differential compaction may also produce faults within the
carbonate succession of laterally variable lithology. Adjacent to the large carbonate buildup complexes,
several normal faults were identified within the Upper Jurassic interval; some of these faults also partly
dissect the younger Cenomanian overburden (see Figures 7–9). Seismic profiles clearly illustrate normal
faults that developed at the interface between the rigid carbonate buildup and adjacent intra-basinal
stratified infill. They also dissect the entire Cenomanian succession, and die out within the lowermost
part of the post-Cenomanian interval. Their listric geometry and dissipation within the Upper Jurassic
intra-basinal facies indicates their compactional origin (cf., [134]).
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Figure 9. (a) Uninterpreted and interpreted seismic profile showing carbonate buildup partly drilled
by Belvedere-1 well (see Figure 2 for location); (b) zoom on the carbonate buildup complex represented
by the two massive limestone successions divided by platy-like (possibly thin-bedded) limestones.
Chaotic seismic facies can be observed in the vicinity of the buildup and the normal faults located
at its western margin. Abbreviations: tcb—top of carbonate buildup, J3—top of the Upper Jurassic,
Kcn—top of the Cenomanian, GR—natural gamma-ray log.

5.3. Development of Carbonate Buildups

5.3.1. Internal Structure of the Carbonate Buildup Complex

The carbonate buildup, drilled by the Belvedere-1 well and shown in Figure 9a, represents a
more heterogeneous complex, in comparison with the complex drilled by the Chopin-1 well (Figure 7).
According to the data (natural gamma-ray log, lithological descriptions of the cuttings, etc.) from the
Belvedere-1 well, the analyzed carbonate buildup is comprised of two massive limestone successions
separated by a medium-hard, platy-like limestone interval (Figure 9b; cf., [121]). This may suggest the
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existence of the two main stages in reef development, which comprise the subsequent phases of growth
that are related to consecutive levels of massive carbonate facies (cf., [19,70]). Similar observations were
made recently by Urbaniec [22], using 3D seismic data from the southern part of the basin, presently
located beneath the Miocene cover of the Carpathian Foredeep (see also [40,41,61–64]).

5.3.2. Deposits of the Gravity Mass-flows

The erosion of carbonate buildups might result in the formation of detrital limestones deposited
on the slopes of the emerging structure (e.g., [28] and references therein). Deposits of mass-gravity
transport were formed mostly as debris flows, but some finer-grained sediments were also described
as calciturbidites [19,69,116,152].

Chaotic seismic facies (Figure 5) have been detected along the western side of the carbonate
buildup, shown in Figure 9b. Chaotic seismic facies are located in close proximity of a normal fault, that
developed due to differential compaction along the western edge of the carbonate buildup (Figure 9a,b).
They were interpreted as a seismic image of deposits of the gravity mass-flows, comparable to similar
deposits known of in the Upper Jurassic outcrops from this part of the basin (e.g., [28,69,103,143]).

A model of the formation of deposits of gravity mass-flows along the edges of the Upper Jurassic
carbonate buildups, based on Matyszkiewicz [143] and supplemented by findings derived from seismic data
interpretation, is shown in Figure 10 (cf., [17,19]). According to numerous authors, the formation of gravity
mass-flows was related to the diversified paleo-relief of the Late Jurassic sea bottom, and synsedimentary
activity along the main tectonic zones ([28,92,100,106,153]; Figure 10). Spatial coincidence of the identified
chaotic seismic facies and normal faults that developed along the edges of the carbonate buildups suggests
the important role of syn-depositional tectonic activity in the initiation of gravity mass-flow deposits.
Considering that, as described above, the initiation of these normal faults might have been related to
differential compaction, it can be postulated that such compaction might have been also one of the main
mechanisms responsible for the formation of the deposits of gravity mass-flows encountered within the
Upper Jurassic succession in this part of the basin.
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Figure 10. Depositional model (after [143], simplified) presenting the occurrence of the
gravity mass-flows that originated from eroded, partly lithified slopes of emerging carbonate
buildup. Mass gravity transport might be triggered by local syn-depositional tectonic activity.
Described frameworks are very enlarged—not adequate for the buildup’s scale.

5.3.3. Marly Zone

The combination and precise integration of the seismic and well-log data allowed for the
identification of the specific seismic-stratigraphic interval termed the marly zone (Figure 3; cf., [43]),
which has certain important stratigraphic associations in this part of the Late Jurassic basin
(e.g., [19,69,100,103,106,113]). According to several authors, the appearance of these marly intercalations
might have been climatically or tectonically triggered (e.g., [103–105]). Their presence reflects
probably temporary breaks within the continuous limestone sedimentation in the early Kimmeridgian
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(e.g., [105,106]), as they could mark “deepening” events, whereby the carbonate platform was drowned
and carbonate production ceased.

Seismically interpreted marly zone encompass several well-pronounced marly layers that are
associated with high readings of the natural gamma-ray log (Figures 3 and 9b). An example of the
seismic interpretation of the marly zone drilled by the Chopin-1 well (cf. Figure 3) is shown in Figure 7.

5.3.4. Facies and Depositional Architecture

The integration of the results of seismic data interpretation with the rich supply of previously
published literature served as a basis for the construction of a conceptual model of the Upper Jurassic
succession in the study area (Figure 11). The identified key tectonic features, gross depositional
geometries, and four categories of seismic facies have been associated with distinctive elements of the
Upper Jurassic carbonate depositional system (Figure 11; cf. Figure 5).
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depositional facies and internal basin architecture.

The bedded seismic facies A is related to the mostly well-stratified deposits, including: (1) bedded
facies that formed within the inter- and intra-buildup sub-basins (e.g., [4,69,103]), and (2) the marly
zone and the JU3 interval of the shallow-water carbonate platform (e.g., [16,91,106,114]; cf., [43];
Figure 11). Within the equivalent Upper Jurassic deposits studied in the outcrops of the KCU (see
Figure 1), the bedded facies comprise differentiated bedded limestones and marls (e.g., [28,69,92,121]).
The interpretation of seismic data proved that in the study area, the bedded facies of the inter-bedded
sub-basins pass upwards into the marly zone (Figure 11). The marly zone includes distinct marly
layers that intercalate the carbonate succession above the carbonate buildups, and are related to
the deeper-water sediments that documented drowning episodes that partly interrupted carbonate
shelf sedimentation (Figures 7 and 9; cf., [105,106]). The bedded seismic facies A dominates within
the entire J3U seismic-stratigraphic interval associated with the inner ramp (i.e., shallow-water
carbonate platform; Figure 11), which is represented by various oolitic, oncolitic and marly facies
(e.g., [19,71,105,106,112,114]).

The mound-shaped seismic facies B and contorted-chaotic seismic facies C are related to the
massive facies associated with carbonate buildup deposits (Figure 11). The massive facies are related,
for example, to large complexes of microbial-sponge carbonate buildups, widely described in the
outcrops of the KCU (Figure 1; e.g., [27,28] for further references). The seismic facies B and C, that
represent carbonate buildups, pass laterally into the bedded seismic facies A associated with the
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bedded deposits of the inter-buildup sub-basins and areas, sometimes with intermediate intervals of
sediments, representing talus, deposited on the reefal slope (Figures 5 and 7). Outcrop studies from the
KCU indicate that the contact between buildups and bedded (basinal) deposits is related the inclination
of slopes, often ca. 30 degrees or steeper (e.g., [69,103]). The analyzed seismic image in general confirms
similar geometries (Figures 8 and 11). According to some previous studies (e.g., [95,124]), it is also
possible that such observed geometries might partly result from differential compaction (cf., [125]).

The chaotic seismic facies D occurs only locally, and is generally representative of reefal talus
within the slopes of carbonate buildup, which could also be related to various debris-flow deposits of
the mass-gravity transport (e.g., [28,69]; Figure 11).

The interpretation of lateral seismic facies changes and their geometrical relations strongly suggest
that the depositional architecture of the Upper Jurassic succession in the study area generally resembles
that from the KCU (Figure 11; e.g., [4,28,69]; cf., [43]).

5.3.5. Comments on the Selected Factors Controlling the Initiation of Carbonate Buildups Development

So far, various opinions have been formulated regarding the initiation of growth of the carbonate
buildups in southern Poland. According to Złonkiewicz [107], the Jurassic pattern of subsiding and
elevating areas in the Miechów Trough might have been inherited from general tectonic patterns related
to Variscan (late Paleozoic) tectonic movements. In the adjacent area of the KCU, the morphologically
varied structure of the pre-Jurassic basement resulted from differential subsidence controlled by the
presence of Paleozoic intrusions. Such intrusions determined the location of the morphological heights
of the Jurassic sea-bottom. Such heights formed favorable areas for colonization by benthic fauna
and the subsequent growth of carbonate buildups, whereas inter-buildup basins were subjected to
increased subsidence that prevented the formation of carbonate buildups [27]. The Paleozoic intrusions,
however, are not present in the substratum in the study area, as evidenced by magnetic maps of
southern Poland (e.g., [154]), and therefore could not be invoked to explain the location of carbonate
buildups. Several authors claimed that the Jurassic evolution of this part of the basin was controlled
by syn-depositional basement normal and strike-slip faulting (e.g., [71,84,107,155]). According to
Gutowski et al. [155], the paleogeographic distribution of the Late Jurassic carbonate depositional
systems in the study area might have been related to the reactivation of the major basement strike-slip
faults, such as the Zawiercie fault zone, deeply rooted in the Małpolska Block (e.g., [73]). Gutowski and
Koyi [84] pointed out the role of this basement fault zone in controlling system of en echelon faults
within the syn-tectonic sedimentary cover. According to Złonkiewicz [107,156], its interference with
normal fault systems along the south-west border of the Mid-Polish Trough might have resulted in the
formation of the pull-apart basin during the Late Jurassic (see also [71]). The north-east to south-east
and west-to-east trending faulting might have shaped the paleogeography of the Miechów Trough
during the Late Jurassic, and as such, might have influenced the distribution of carbonate buildups in
the study area too (cf., [71]). It should, however, be stressed that all the above models linking Late
Jurassic tectonics and depositional history were to a large degree speculative, based on various regional
considerations or the results of analogue modelling, rather than data documenting the existence of
postulated fault zones, etc. For example, regional Zawiercie [84] or Busko-Zawiercie [18] fault zone do
not seem to have played important roles during the Late Jurassic tectono-sedimentary evolution of this
area, as there is no important faulting along this zone documented by seismic data (cf., [43,75]).

The seismic profiles data shown in this paper do not provide any conclusive evidence regarding
the significant role of regional fault zones in the formation of the Upper Jurassic carbonate buildups.
Certain irregularities within the pre-Jurassic basement (substratum) have been identified; however, they
seem to be rather local, of moderate displacement, and do not form any extensive zones crisscrossing
this part of the basin (see also below). Taking this into account, it might be postulated that the initiation
of the growth of carbonate buildups in the study area was primarily controlled by local pre-Jurassic
tectonics, that formed small-scale morphological highs which were then used by various organisms,
that eventually formed carbonate buildups.
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5.3.6. Development of Carbonate Buildups—Conceptual Model Based on Seismic Data

The results of the seismic interpretation presented in this paper, together with the rich supply
of literature, were used to construct a generalized model of the development of the Upper Jurassic
carbonate buildups and surrounding deposits (Figure 12). This schematic depositional model does
not take into account the differential compaction of carbonate sediments that acted during the Late
Jurassic deposition, and it does not include the local development of the gravity mass-flow deposits.
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Similar models, that depict the gradual development of carbonate buildups and are based entirely
on seismic data, are well known from the literature; for example, Shahzad et al. [50] proposed a detailed
model of the growth and demise of the Paleogene isolated carbonate platform from the Offshore Indus
Basin (Pakistan). For the model presented in this paper, a similar strategy was adopted.

Following the deeper-water marly–limestone sedimentation, that prevailed in the earliest Late
Jurassic ([16,18,100,112,126]; Figure 12a), the widespread carbonate sedimentation started to dominate
in the outer ramp conditions, generally characterized by the neritic water depths (e.g., [68,71,94]).

The existence of some sort of initial positive paleo-relief within the Late Jurassic sea-bottom
was necessary for initiating the organic buildup’s growth (Figure 12a,b; see [6,27,28] and references
therein). In the interpreted seismic data, some tectonically-controlled elevations beneath the carbonate
buildups seem to be clearly visible (Figures 6–8). Such pre-existing elevations on the Late Jurassic
sea-bottom formed favorable sites for buildups in the study area. The elevated areas became settled
by the microbialites and benthic fauna that initiated the growth of carbonate buildups [28], whereas
in non-elevated areas the bedded facies have been deposited (Figure 12b; cf., [4,18,19,106,111,112]).
These initially isolated structures might represent small-size sponge buildups, such as the “loose
bioherms” [4,28,93] or siliceous–sponge–microbial mud mounds [157], but any speculations on that
fall outside the scope of seismic data interpretation, due to obvious limitations in the resolution of
seismic data.

Under favorable conditions for carbonate production (e.g., [15]), the organic buildups started
intensive vertical (aggradational) growth (Figure 12c). They were characterized by a reticulate
framework (cf., Figure 10; [28,143,158]), which is expressed in the analyzed seismic data by a
discontinuous, contorted to chaotic seismic reflection pattern (Figures 5 and 11), resulting from
the high-energy reefal environment (cf., [39]). According to Matyszkiewicz et al. [28], the general trend
of carbonate buildups growth that was observed in the adjacent area of KCU relied on the evolution
of small sponge buildups into extensive sponge–microbial buildups, which became later replaced
by microbial-sponge and microbial buildups, bearing a well-developed, rigid framework (cf., [4,27]).
Finally, due to lateral (progradational) development, carbonate buildups formed large complexes [28].
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The interpretation of seismic data revealed that further phases of carbonate buildup development in the
study area include the two main stages of their vertical and lateral growth (Figure 12c,d). They could be
linked to the presence of the two distinctly separated levels of massive limestones (cf., [19]), observed
within the complex drilled by the Belvedere-1 well (Figure 9b). The intensity of the lateral development
of the carbonate buildups was highlighted by the pseudo-relief seismic attribute (Figure 6d), and partly
by the cosine-phase display (Figure 7b). The formation of seismically distinguishable lateral extends
can be generally observed in the analyzed seismic data (compare Figure 6a,c,d, and Figure 7a–c).
The surrounding bedded facies were subsequently deposited within the inter-buildup sub-basins
(Figure 12b–d; cf., [69]).

Following further vertical and lateral growth, the carbonate buildups attained large sizes.
According to outcrop studies in southern Poland, the tops of the large carbonate complexes were
settled then by hermatypic corals (e.g., [19,69,103,106,159]; see also Figure 10). Deteriorating conditions
controlling growth of the carbonate buildups coincided with the increased occurrence of the gravity
mass-flows and synsedimentary tectonics (e.g., [28,100,106,160]; Figure 10). The appearance of various
marly facies belonging to the seismically identified marly zone (Figure 12e; see also Figures 3 and 9b)
were related to temporary changes of the Late Jurassic sedimentation into deeper-water conditions,
expressed by the presence of marly layers (cf., [17,19,100,103,116]). The marly layers could be related
to drowning episodes and the demise of the carbonate buildups in the study area (cf., [106]).

The shallowing tendencies of the Late Jurassic depositional basin resulted in the development
of the shallow-water carbonate sedimentation that started to prevail after the disappearance of the
carbonate buildups (Figure 12f). These lithologically diversified deposits [106,112,114] are associated
with the interpreted seismic-stratigraphic unit J3U (cf., [43]), and were formed in the study area within
the shallow-water carbonate platform environment (i.e., inner ramp; cf., [19]; see also [69,91,114]).

5.4. Paleogeography of Carbonate Buildups in Southern Poland

The previously published Late Jurassic paleogeographic map of southern Poland and adjacent
areas [161] presents the generalized locations of carbonate buildups that were almost directly linked
with the present-day location of the Upper Jurassic deposits, in at least partly outcropped areas
(Figure 13a). So far, the detailed recognition of carbonate buildups in southern Poland has mainly
been related to the presence of the Upper Jurassic outcrops, e.g., in the Kraków-Częstochowa Upland
and Wieluń Upland (Figure 13b; [21,69,103]). Furthermore, within the Upper Jurassic succession,
southwards from the study area (in the extension of the Miechów Trough, that is situated beneath the
Miocene Carpathian Foredeep Basin; cf., [120]), similar carbonate buildups were recognized using
seismic data (Figure 13c; e.g., [40,59–63,65]). The results shown in this paper allow for the update of
the Late Jurassic paleogeographic map of southern Poland, as this study provided a more detailed
view of the previously less-recognized part of the Upper Jurassic basin in the Miechów Trough, where
the system of the Upper Jurassic carbonate buildups surrounded by inter-buildup sub-basins was
seismically investigated (Figure 13d). Taking this into account, it should be stressed that, in contrast
to the map by Gaździcka [161], the distribution of Upper Jurassic buildups in southern Poland was
much more extensive. This in turn proves that paleobathymetric and other conditions, necessary for
the formation of such carbonate buildups, were not restricted to confined zones, but seem to have
prevailed in large parts of the Late Jurassic basin.
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Figure 13. (a) Late Jurassic paleogeography of south-eastern Poland (after [161]), including the study
area (red box); (b) detailed zoom in on the area of the Kraków-Częstochowa Upland and Wieluń
Upland, showing well-documented localization of large biohermal complexes and interbiohermal
sub-basins (after [68,69,103]); (c) detailed zoom in on the area of the central part of the Carpathian
Foreland, where the subsurface Upper Jurassic deposits were recognised from 2D/3D seismic data and
drilled by several wells for hydrocarbon prospection (after [40], simplified); (d) detailed zoom in on
the study area in the Miechów Trough, with the locations of the identified and interpreted carbonate
buildups and locations of potential inter-buildup sub-basins.
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6. Summary and Conclusions

The present study, dedicated to the Upper Jurassic carbonate buildups and surrounding deposits
in the Miechów Trough, was based on advanced interpretation of the seismic data (seismic facies and
seismic attribute analysis), supported by well data (borehole logs and lithological descriptions from
cuttings). The Upper Jurassic carbonate depositional system in the study area, located within the
transition zone that linked the epicontinental basin with the northern margin of the Tethys, has been
less recognized before now, due to the deficiency of the outcrops and modern well data, in comparison
with the other areas that were located on the northern Tethyan carbonate shelf in Poland and Europe.
This study aimed to remedy this knowledge gap, and provide some insight regarding the structure
and evolution of seismically imaged Upper Jurassic carbonate buildups and the surrounding deposits,
including some specific aspects such as the initiation of their growth, the role of compaction or influence
of syn-depositional tectonics, and the local depositional systems. It should be kept in mind that the
provided ideas and solutions are, by definition, restricted by the resolution of seismic data, and should
be subject to further studies and discussions.

Seismo-stratigraphic interpretation of the seismic data presented in this study allowed for the
detailed recognition of the carbonate buildups and adjacent inter-buildup basins that were seismically
recognized within the central Miechów Trough in southern Poland. Four main seismic facies types have
been distinguished: (A) bedded, (B) mound-shaped, (C) contorted-chaotic, and (D) chaotic. They have
been linked to main elements of the Late Jurassic depositional system: (1) bedded facies of the inter-
and intra-buildup sub-basins, and the J3U seismic-stratigraphic unit, (2) massive facies (carbonate
buildups), and (3) deposits of gravity mass-flows. Seismic analysis was supported by seismic attributes,
that highlighted lateral seismic facies changes, and provided detailed information about the internal
architecture of the Upper Jurassic basin infill and the outline of particular carbonate buildups.

The presented results were discussed and confronted with the current knowledge derived from
numerous studies of adjacent outcropping areas of southern Poland, such as Kraków-Częstochowa
Upland, Wieluń Upland the and southwestern rim of the Holy Cross Mountains. As a result,
a depositional model for the Upper Jurassic succession in the Miechów Trough, that specifically focused
on the carbonate buildups’ development, has been proposed. The proposed model of growth of the
carbonate buildups represents consecutive phases of vertical and lateral development, which finally
formed large reefal complexes, surrounded by the basinal facies. These deposits, following episodes of
relative sea-level rise and associated drowning, were subsequently covered by bedded differentiated
inner ramp facies, reflecting different stages of the shallow-water carbonate platform development.
The shallow-water carbonate facies were assigned to the J3U seismic-stratigraphic interval. The marly
zone occurring above the carbonate buildups reflect the episodes of carbonate shelf or ramp drowning,
and the extinction of carbonate buildups.

This paper also emphasized the important role of two stages of compaction—the Late Jurassic,
and then the Late Cretaceous. Conclusions based on seismic data regarding compaction processes
conform very well with previously published studies based on outcrops.

The results of this study also show a more extensive distribution of the Upper Jurassic carbonate
buildups in southern Poland than was previously suggested.
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Świętokrzyskich. In Proceedings of the Jurassica IX Conference, Małogoszcz, Poland, 6–8 September 2011;
pp. 133–151. (In Polish).

116. Matyszkiewicz, J. The significance of Saccocoma-calciturbidites for the analysis of the Polish Epicontinental
Late Jurassic Basin: An example from the Southern Cracow–Wielun Upland (Poland). Facies 1996, 34, 23–40.
[CrossRef]

http://dx.doi.org/10.5604/01.3001.0010.5659
http://dx.doi.org/10.7306/gq.1421
http://dx.doi.org/10.7306/gq.1471
http://dx.doi.org/10.1007/s10347-017-0496-x
http://dx.doi.org/10.5604/17313708.1201736
http://dx.doi.org/10.1007/BF02546155


Geosciences 2020, 10, 239 31 of 32
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