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Abstract: A paleokarst system developed in the Upper Jurassic-Lower Cretaceous carbonate complex
has been recognized in the Carpathian Foreland area. Well logs testing and core data as well as an
acoustic imager, a microresistivity scanner and six-arm dipmeter images were used to identify and
analyze the character of the paleokarst features. A detailed interpretation of microresistivity and
acoustic image logs allowed for the identification of different types of karst forms, such as caverns;
multidirectional fractures, including fractures widened by dissolution; and the type of sediments
filling them. The analysis of the seismic survey was conducted by linking the paleokarst characteristic
features recognized in the seismic image to the karst intervals determined from borehole data. The
set of seismic attributes calculated from the analyzed 3D seismic data, including the RMS amplitude,
instantaneous frequency, consistent dip, variance, sweetness and relative acoustic impedance, helped
to delineate the zones of the paleokarst distribution. Within the interpreted paleokarst surface
developed in the carbonate formations in the study area, there are sinkholes, limestone pavements
and valleys. Furthermore, in the northwestern part of the analyzed area, the development of
paleokarst forms is related to the presence of a relatively deep branch of a paleovalley formed in
the Paleogene, as well as to numerous discontinuities developed in carbonate formations. The
development of this type of larger karst form was probably controlled primarily by tectonic faults.
The research conducted by the authors of this paper showed the widespread presence of paleokarst
features in Upper Jurassic-Lower Cretaceous carbonate formations in the study area. A good spatial
identification of the paleokarst surface can be important in a regional context, since the highest part
of the profile of carbonate formations is the most important reservoir for geothermal or hydrocarbon
resources in this region.
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1. Introduction

Paleokarst-related reservoirs are important for hydrocarbon accumulation in carbon-
ate formations. Carbonates, with few exceptions, are generally characterized by poor
petrophysical parameters, especially porosity and permeability. Zones of better reservoir
parameters in carbonate rocks are usually associated with formations subjected to tectonic
and karstification processes. Depending on the extent to which buried paleokarst structures
are filled with rock material, they can be good traps for hydrocarbon accumulation.

A number of oil and gas fields associated with carbonate rocks have been identified to
date in southern Poland (e.g., Grobla, Lakta, Tarnéw-jura, Swarzéw, DabrowaTar-nowska,
Korzeniéw and Brzezéwka) [1]. The carbonate rock complexes present in the Carpathian
Foreland are mainly represented by Upper Jurassic and, to a lesser extent, Lower Cretaceous
formations [2]. Upper Cretaceous carbonate formations are also observed locally [3]. The
carbonate sediments are covered by a Miocene complex and, in the southern part, also by
sedimentary rocks belonging to the tectonic units of the Carpathians.
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The world’s best-known examples of oil and gas fields associated with a buried pale-
okrast reservoir have been found in China. In several petroleum basins (such as Ta-rim,
Ordos and Sichuan), hydrocarbon accumulations have been discovered in carbonate forma-
tions with strongly developed karst features [4-8]. Similar types of fields are also exploited
in other countries around the world, including Canada, the US, Mexico, Venezuela, Saudi
Arabia, Iraq, Russia and Kazakhstan, and also in the North Sea and the Barents Sea [9-17].
Analyses of geological and drilling data showed that the volume of karst structures can
account for a significant portion of porosity for some hydrocarbon fields [18]. The later re-
search work, covering the region of hydrocarbon fields in the central part of the Carpathian
Foreland, confirmed the occurrence of buried paleokarst structures [19].

The main goal of this article is to present examples of paleokarst structures in the
Carpathian Foreland area that, due to their good reservoir properties, may have significant
potential for both hydrocarbon accumulation and geothermal resource exploration. The
presence and nature of the distribution of paleokarst facies was documented by analyses
based on the descriptions of drill cores, measurements of standard geophysical logging,
interpretation of microresistivity and ultrasonic borehole image logs, interpretation of
high-resolution microresistivity and acoustic image logs (Acoustic Scanning Tool) and
analysis of 3D seismic data.

Geological Background

The study area is situated in southern Poland in the central part of the Carpathian
Foreland (Figure 1).
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Figure 1. Location of 3D seismic surveys and the analyzed wells: (a)—sketch of the ranges of
geological formations in the research area; (b)—location of the study area (yellow rectangle) in
relation to the distribution of the formations in extra-Carpathian Poland.
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The rock formations within the area belong to four main structural stages: Neoprote-
rozoic, Paleozoic, Permian-Mesozoic and Miocene. A more detailed description of the
geological structure of the area was presented in the authors’ earlier publications [19-21].
The oldest structural stage in the research area is represented by a series of Neoproterozoic
anchimetamorphic rocks. The middle stage is composed of Meso-Paleozoic rocks of a
considerable summary thickness up to 2000 m. The Ordovician and Silurian deposits are
situated in the southern part of the analyzed region, directly on the Ediacaran interval.
Higher up in the section lie the carbonate series of Devonian and Carboniferous sediments.
The Mesozoic interval is represented by carbonate and clastic Triassic sediments, and above
them lie mainly carbonate Jurassic and Cretaceous complexes. The youngest structural
stage is formed by the Miocene formations (Badenian-Sarmatian), which were initially
deposited in the Carpathian Foredeep basin.

The karst surface analyzed in this study developed in the upper part of the Upper
Jurassic-Lower Cretaceous carbonate complex. The first stage of its development dates
to the late Early Cretaceous. The second stage probably began at the end of the Late
Cretaceous and continued for most of the Paleogene. In most of the Carpathian Foreland
area (including the study site), the Upper Cretaceous formations were completely removed,
and karst forms re-developed in formations of the Jurassic-Lower Cretaceous complex
(Figure 2). This stage was closely associated with intensive erosion and the development of
paleovalleys, deeply cutting into the Mesozoic basement formations and dominating the
present Mesozoic surface morphology [22-25].
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Figure 2. Scheme of development and distribution of karst surfaces in the central part of the
Carpathian Foreland area.

2. Materials and Methods
2.1. Research Methodology

The integrated macroscopic analysis of the geological-geophysical data and 3D seismic
images was the starting point for the identification and recognition of the spatial distribution
of the buried paleokarst features in the Upper Jurassic and Lower Cretaceous carbonate
series. It is worth noting that the geophysical surveys in the boreholes located in the study
area differ in their scope, technology, recording method and methodology. Borehole data
were used to characterize some of the structures of the paleokarst mainly on the meter
scale, and in the case of high-resolution geophysical surveys and core surveys also on the
centimeter scale. Seismic data, on the other hand, due to resolution limitations, revealed
mainly macroscopic information on the occurrence of buried paleokarst zones.
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2.2. Well Data

A dataset containing photographs and descriptions of cores with information on the
dips, drilling progression and well test results was used for detailed studies of paleokarst
features. Particular attention was paid to information on the occurrence of fractures,
caverns and unconformity surfaces. It should be noted that the structures of the paleokarst
are more or less filled with secondary sediments, which are often different in mineral
composition and structure from the nature of the surrounding rocks. On this basis, the
intervals of the potential occurrence of sediment filling karst structures were determined.
Standard geophysical logging was then analyzed, including mainly the following: natural
gamma ray, resistivity, diameter and, in more recent boreholes, also density and acoustic
measurements. Based on the results of these analyses, it was possible to delineate up
to several levels associated with paleokarst development. The determined intervals are
characterized by an increase in values on gamma logging, an increase in diameter and a
decrease in values on resistivity, density and acoustic logging. The results of the analyses
may indicate, among other things, the presence of numerous voids, a weaker diagenesis
of cave sediments or an increase in the clay content of the secondary sediment filling the
karst voids [19]. In addition, standard geophysical measurements were used to identify the
carbonate series of the Jurassic and Cretaceous sediments in the individual boreholes and
to correctly identify the karst surfaces and define the interpreted karst formations. This was
important as the tops of the Upper Jurassic with Lower Cretaceous and Upper Cretaceous
complexes are closely associated with two major erosional phases, the first occurring in
the late Early Cretaceous and the second at the end of the Cretaceous and in the Paleogene.
The erosional processes related to these phases, combined with the tectonic processes, have
influenced the present thickness and morphology of the Mesozoic sedimentary cover in the
study area.

The most detailed information on the buried paleokarst forms found in the study area
was obtained by interpreting images taken with high-resolution measurement methods,
such as the acoustic imager (Circumferential Acoustic Scanning Tool, CAST, by Halliburton)
and the resistivity scanner (X-tended Range Micro Imager, XRMI, by Halliburton). The
CAST probe records the amplitude and propagation time of the acoustic wave reflected
from the borehole wall [26,27], while the XRMI probe records changes in the resistivity of
the rocks forming the borehole wall [28].

The images derived from these measurements are often used to interpret complex
geological features in both carbonate and clastic formations [29,30]. The high vertical
resolution (~5 mm CAST and ~2.5 mm XRMI) and near-complete coverage (in 360 degrees)
of the borehole walls with measurements significantly increases the detail and precision of
geological interpretations. CAST acoustic probe images, in which acoustic waves reflected
from more compact formations, are characterized by a higher velocity than those reflected
from rocks of a lower density allow for, with an appropriately selected color palette, to
interpret with great success, for example, paleocaverns and dissolution fractures character-
ized by a lower density than limestone rocks. In the microresistivity XRMI scanner images,
the intervals of the development of the paleokarst structures were recorded as low- or
high-resistivity elements, depending on the type of fill or its absence. Dark colors in the
resulting images suggest well-conductive objects, while bright colors represent highly resis-
tive structures [28]. Each fill type is recorded as an anomaly shape. Based on well-defined
anomaly shapes [30-32], the interpretation of many details, such as the up dip and azimuth
of the layers and fractures, sedimentary structures and secondary and chemical sediment
fill textures, can be carried out.

Measurements with six-arm dipmeters SED (Six Arm Dipmeters by Halliburton) and
SDT (Six Arm Dipmeter by Tucker) were also helpful in delineating the zones of the pale-
okarst, especially in wells where the cores were not taken or high-resolution probes were
not recorded in the intervals of interest. For this type of survey, the simultaneous inter-
pretation of the dipmeter arrows (SHIVA) and continuous resistivity images of borehole
wall (RESMAP) conducted in conjunction with an analysis of the standard geophysical
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logging record is essential. This approach makes it possible to indicate in the dipmeter
measurements the differences between the carbonate rocks and the secondary sediments.
The continuous image is created by using horizontal interpolation of the resistivity data
that allow for the identification of high-angle fractures from dissolution, which clearly
contrast in resistivity with the rest of the carbonate formation.

2.3. Seismic Data

According to Qi et al. [33], the existence of large-scale karst structures is most often
associated with the occurrence of tectonic faults, which can serve as pathways to facilitate
water circulation, promoting rock dissolution and indirectly contributing to the develop-
ment of karst forms. Analyzing the seismic record, attention was drawn to the weakening
of the amplitude, the occurrence of discontinuities and chaotic seismic reflections, as well as
anomalous frequency decreases, indicating an increase in the absorption of seismic waves,
which may occur in the paleokarst zones [34].

A seismic data analysis was conducted using Schlumberger’s Petrel software v.20.4 on
two 3D surveys (Figure 1) processed in 2016 (survey I) and 2015 (survey II). The analysis
of the seismic survey was conducted by relating the characteristic features of the seismic
image to karst intervals determined from the borehole data (such as the core descriptions,
geophysical logging, XRMI, CAST, SED and SDT measurements). The seismic attributes
used for the analysis were primarily the RMS attribute, instantaneous frequency, consistent
dip, local dip and chaos. The attributes were calculated from the analyzed seismic volume
in the time domain and then used to calculate the surface attributes (e.g., extract value) in
the selected time windows.

For the 3D seismic survey II, the analysis performed included the calculation of
the seismic attributes, the consistent dip, variance, sweetness, instantaneous frequency,
dominant frequency, spectral decomposition and iso-frequency, the image of which was
then analyzed on different time slices. A horizon prob module was also used for the
analysis, with reference to the mapped top surface of the Mesozoic carbonate formations.

The seismic attributes analysis conducted, partly in combination with well data, made
it possible to select zones in the analyzed area for which the analyzed seismic im-age can be
most reliably associated with the occurrence of a number of different paleokarst elements.

3. Results and Discussion
3.1. Identification of Paleokarst Features from Well Data

An analysis of the available lithological descriptions and photographs of the cores
made it possible to identify in some of the analyzed boreholes such forms as caverns, breccia
and multidirectional fractures with their fills, formed as a result of karst processes. It was
also possible to determine the parameters of some of the cracks (such as the length, dilation
or dip), as well as the degree of their filling. The fracture-filling material consists mostly
of greenish or greenish-grey clay-marly sediments, locally sandy (Figure 3), which can be
correlated with an early sedimentary phase in the Late Cretaceous (Cenomanian). The most
common mineral fracture filling in the analyzed Upper Jurassic and Lower Cretaceous
formations, occurring primarily as cement, is calcite.

It is worth noting that the interpretation of the borehole data was supported by the
available results of the measurements with the SED six-arm fall meter (A-1, C-2, C-4, C-5K,
Ko-1, P-1, Po-3 and W-2 wells) or SDT (K-1K well). The analysis carried out allowed for
both to indicate the differences in the dip angles of the Upper Jurassic-Lower Cretaceous
carbonate complex rocks and the Miocene clastic formations lying above but also to identify
some paleokarst features.
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Figure 3. Examples of karst features on borehole core samples (photos: R. Laskowicz and A. Urbaniec)
from Po-3 well: (a) laminated limestone with visible system of multidirectional fractures mostly filled
with calcite or olivine clayey-marginal material; and (b) carbonate breccia, fragments of Jurassic
limestone cemented by green marl.

The resistivity image on the borehole wall (RESMAP) has proved very helpful in
identifying karst features. An analysis of the image identified high-angle fractures widened
by dissolution, which record as sinusoidal forms with irregular edges that show a clear
resistivity contrast to the other carbonate formations. An analysis of the arrow plots of a
six-arm dipmeter, allowed for the determination of the fracture parameters, such as the dip
and azimuth (Figure 4). At the same time, a clear widening of the diameter in these zones
can be observed on the diameter profiles.
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Figure 4. Recording of high-angle fracture from dissolution (marked by red arrows) in the record of
six-arm dipmeter, SED (W-2 well).

The high-resolution borehole measurements, such as the CAST and XRMI, provided
the most information on the karst formation features in the carbonate rocks analyzed. The
CAST acoustic probe measurements were taken in five of the boreholes analyzed (C-2,
C-5K, P-1, Po-3 and W-2), while the XRMI measurements were taken only in borehole A-1.
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The probes provide a complete image of the borehole walls, delivering highly detailed
and extensive geological information on the structural and lithological development of
the drilled rocks. Furthermore, the selection of an appropriate color palette allows for
specific features of the rock complex to be highlighted, including a more accurate depiction
of the various paleokarst forms. A detailed interpretation of the CAST and XRMI images
available in the boreholes allowed for the identification of different types of karst forms,
such as caverns, karst breccia filling them and multidirectional fractures, including fractures
that have been widened by dissolution (Figure 5). On the basis of the analysis of these
images, it was also possible to distinguish the aforementioned paleokarst forms from
sedimentary, erosional or deformational structures, as well as from features resulting from
tectonic processes, such as fault planes or micro-folds. In addition, an analysis of the CAST
and XRMI images allowed for the nature of the filling of caverns and fractures with low-
resistivity material (usually clay or marginal clay) to be determined in more detail. It was
also possible to identify the chemical cement fillings of cracks and fractures characterized
by uniformly high resistivity /acoustics on static XRMI and CAST images. In order to
definitively confirm the nature of the mineral filling of cracks and fractures, XRD tests
should be performed.

+ Well: P-1

Figure 5. Examples of paleokarst structures in the CAST image: (a,b) solution fractures, vugs and
caves filled with clay material; (c) solution-enlarged fracture and high-angle fracture; (d) carbonate
breccia suspended in muddy and silty matrix; (e) scattered solution vugs and fractures filled with
calcite; and (f) unfilled cave and fractures. Based on Yu et al., 2016 [35].
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The high-resolution XRMI microresistivity scanner image of the A-1 well allowed
for the reconstruction of many details related to the development of the paleokarst, as
well as the determination of the fracture parameters (i.e., the angles and dip directions)
resulting from the karst processes. In the zone mentioned above, breccia (both fine- and
coarse-bedded) was also found, most probably formed by the collapse of the roof of a
larger cavern (which could be called a cave), with this layer of breccia being underlain by
a layer of laminated fine clastic (clayey) sediments (Figure 6). The fine clastic sediments
in this case can be interpreted as secondary cave sediments deposited by suspension.
Above the mentioned breccia, a dense network of multidirectional fractures and cracks,
both low angle and high angle, can be observed in the XRMI image, among which it is
possible to distinguish fractures filled with low-resistivity material (most likely clay) or
cemented with high-resistivity material (presumably calcite). It is worth mentioning that
locally, in addition to calcite cements, anhydrite cements have also been found in Jurassic
formations (based on an analysis of core material), mainly present within Jurassic organic
buildups [36,37]. Among the fractures described above, a large group are fractures widened
by dissolution processes. The analysis of the vertical succession of the different types of
karst structures, based on the interpretation of the XRMI image from the A-1 well, shows a
fairly typical trend that correlates well with the models of buried paleocaves presented in
the works of Loucks et al. [31] and Yang et al. [32] (Figure 6).
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Figure 6. Example of the succession of paleokarst formations in the XRMI image from the A-1 well in
relation to the schematic model of buried paleocaves (according to Loucks et al., 2004 [31]; and Yang
et al., 2018 [32]; modified).

3.2. Seismic Data Analysis

The study area is characterized by the presence of Miocene evaporates, mostly lying
in profile generally no more than 20 m above the Upper Jurassic and Lower Cretaceous
carbonate formations, as well as the local presence of a very dense network of reactivated
faults. In the analyzed 3D seismic survey I, the influence of the evaporate series is clearly
visible on the map of the surface attribute RMS amplitude calculated in the 0-30 ms window
below the top of the J3 + K1 horizon (Figure 7a). The seismic record associated with the
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mentioned evaporate series masks the real character of the upper part of the analyzed
carbonate complex, not allowing for its detailed interpretation (the area of borehole A-1,
the central part of the study area). Visible amplitude reductions are concentrated in the
northwestern part of the analyzed area, where the development of paleokarst forms is
most probably related both to the presence of a relatively deep branch of the paleovalley
formed in the Paleogene and to the numerous discontinuities developed in carbonate
formations. This type of location of larger karst forms, whose occurrence and development
are controlled primarily by tectonic faults, is described in publications from areas with
well-recognized developed karst forms [6,33].
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Figure 7. Surface attributes calculated along the top of horizon J3 + K1 for the 0-30 ms window:
(a) RMS amplitude and (b) extract value from instantaneous frequency.

A very good correlation of the analyzed seismic record with the karst intervals deter-
mined on the basis of the available borehole data was obtained in the northeastern part
of the seismic survey I, in the vicinity of the C-2 and C-5K wells. The surface attribute
maps of the RMS amplitude (Figure 7a) and extract value from the instantaneous frequency
attribute (Figure 7b), calculated at a time window of 0 to 30 ms below the top of the car-
bonate formations, show anomalous reductions in the values of these attributes in the
vicinity of the boreholes. The observed low values of the instantaneous frequency can
be associated with the presence of disturbed, weakened discontinuity zones and buried
karst structures, whose non-uniform filling results in the attenuation of higher frequen-
cies. The interpretation of the calculated consistent dip, local dip and chaos attributes
indicated locations where zones of low coherence (i.e., chaotic signal recording), observed
as anomalously high values of these attributes, can be best associated with the presence of
discontinuity zones and faults, as well as karst formations (which corresponds well with
the CAST interpretation from the C-2 well) (Figures 8 and 9).
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Figure 8. (a) Time slice at -1480 ms through consistent dip volume; (b) seismic section AA’in chaos
attribute; and (c) seismic section AA’ in local dip attribute. Dashed ellipses indicate the location of
karst features.
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Figure 9. (a,c) CAST images from the C-2 well; (b) seismic section AA” in RMS amplitude; (d) horizon
probe with extracted lowest values of instantaneous frequency and RMS amplitude; and (e) seismic
section AA’ in instantaneous frequency. The dashed lines indicate zones of paleokarst link to
interpreted CAST images; the location of seismic section AA” is shown in Figure 8.

Figure 9 shows the seismic section at the location of borehole C-2 in the mapping
of the RMS amplitude and instantaneous frequency attributes, in juxtaposition with the
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features identified in this borehole, based on the interpretation of the CAST image, related
to the development of the paleokarst. Using the Geobody interpretation module, zones
characterized by both reduced values of the RMS amplitude and instantaneous frequency
attributes were extracted (Figure 9d). The analysis was focused on the close vicinity of
borehole C-2. Calculations were made for the time interval from the top surface of the
Upper Jurassic and Lower Cretaceous carbonate formations to —100 ms below this surface.
In the resulting three-dimensional image, it is possible to interpret the pattern of existing
tectonic fractures passing into a system of caverns or paleocaves, formed by the impact of
dissolution processes in carbonate rocks.

The next 3D seismic survey analyzed is located to the northeast of the area discussed
above (Figure 1). The interpreted seismic image shows a well-developed erosional surface
in the topmost part of the Mesozoic carbonate complex. Based on the analysis of the seismic
attributes, the various karst forms were identified. Figure 10 shows time slices at —770 ms,
—810 ms and —850 ms in the consistent dip attribute rendering, with clearly visible closed
circles of steeply sloping walls. These forms could be interpreted as karst sinkholes. In
areas of visible sinkholes, an anomaly is observed with a very abrupt change in the values
of this attribute.
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Figure 10. Time slices and seismic section BB’ through consistent dip volume. The location of the
seismic section BB’ is marked with a dashed line.
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The 3D mapping, using the surface attribute extract value from the consistent dip
attribute calculated for the top surface of the Mesozoic carbonate complex (Figure 11),
presents a very varied morphological picture with clearly marked faults and a number
of other elements, some of which can be interpreted as the effect of karst processes. It
can be observed that the largest of the valleys visible within this surface is adjacent to an
NW-SE tectonic zone (Figure 12). Figure 12c shows the image at time slice —842 ms for
the blended volume attributes variance and sweetness. Increased values of the variance
attribute (black to red color) indicate the presence of numerous discontinuity zones and
faults. The maximum values of the sweetness attribute (yellow) mark areas that distinguish
themselves from the background with much lower frequency and increased values of
the envelope attribute. These data allowed for the detailed mapping of the mentioned
lowering of the terrain with the character of a small valley. The amplitude (Figure 12d)
and the relative acoustic impedance (Figure 12e) records show small but distinct bright
spots below the three largest karst sinkholes. The presence of bright spots may indicate
that the sinkholes are filled with formations of a much lower impedance (e.g., slumps)
or that there are more fractures in these zones. In addition, above the interpreted top
surface of the carbonate formations in the location of the karst sinkholes, a reduction in
the value of the instantaneous frequency is also noticeable (Figure 12f). It should be noted
that the seismic record within the interpreted karst sinkholes is quite different from that
within the aforementioned valley, which may indicate that the valley is filled with different
sedimentary material.

) oA s

Figure 11. Time surface attribute extract value from consistent dip volume along the top of carbonate

platform.
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Figure 12. Time slice at —842 ms: (a) seismic amplitude; (b) mixer of iso-frequency 15, 30 and 45 Hz;
(c) variance and sweetness overlaid; (d) seismic section BB": seismic amplitude; (e) relative acoustic
impedance; and (f) instantaneous frequency. Location of the seismic section BB’ is marked with a
dashed line.

The interpretation of the maps computed using the horizon probe option along the top
of the carbonate platform for the combined dominant frequency and sweetness attributes,
and the spectral decomposition for frequencies of 15, 30 and 65 Hz presented in RGB colors
(Figure 13), allowed for further characteristic elements to be recognized within the erosion
surface analyzed. On the interpreted erosion surface, two clearly geomorphologically
differentiated zones can be distinguished—the upland area and the bordering zones of
steep slopes (Figures 10-13). The upland region is characterized by a varied relief with
well-developed paleokarst forms, whose orientation and density show a relationship
with structural elements, such as faults and fracture systems. Much of the upland area is
occupied by limestone pavements and sinkholes. In the maps shown in Figure 13, limestone
pavements are represented by an image with a distinct chessboard-like pattern consisting
of a system of fractures developed generally in two directions intersecting at approximately
90°. Each direction is most likely related to the other stage of tectonic history. Sinkholes of
a circular shape and varying size (diameter and depth) are quite unevenly developed in
the southern, more elevated part of the upland. The largest paleokarst form interpreted
in this area is an extensive valley aligned with an NW-SE extensional dislocation. The
depth of the valley decreases, and its width increases significantly toward the edge of the
highland. Blind valleys are observed extending perpendicularly from the edges of the main
valley. On the southern side, the highland ends in a steep slope with a relatively smooth
topography. In the eastern and northern part of the slope was identified a complex network
of dendritic, elongated structures (grooves), formed by intensive erosion.
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Figure 13. Horizon probe along the top of carbonate platform: (a) dominant frequency and sweetness
overlaid; (b) spectral decomposition 15, 30 and 65 Hz; (c) extract value from sweetness volume; and
(d) diagram of the karst landscape (after Huggett [38]; modified).

4. Discussion

The best-known examples of hydrocarbon fields closely associated with karst reser-
voirs come from China. Reservoirs of this type have been identified there within a few
large petroleum basins, including the Tarim Basin [6,7,30,39-43], the Ordos Basin [44,45] or
the Sichuan Basin [4,46], among others. The issue of identifying zones of paleokarst devel-
opment in carbonate formations based on seismic and borehole data has been addressed by
various authors, e.g., [8,10,12,47,48].

The examples presented in this paper document the occurrence of various paleokarst
forms in the Polish part of the Carpathian Foreland. Previous research on karst formations
in the area has mainly focused on the analysis of geological and borehole data [19,20]. Of
the available borehole data, the records obtained from high-resolution survey methods such
as the X-tended Range Micro Imager (XRMI) and Circumferential Acoustic ScanningTool
(CAST) proved to be the most useful. Measurements with six-arm dipmeter falls (SED and
SDT) can also be helpful in delineating the zones of paleokarst occurrence. These images
made it possible to reconstruct many details within the surface and karst forms developed
in the Upper Jurassic and Lower Cretaceous carbonate formations analyzed, such as vugs,
solution fractures and caves. They made it possible to define the sedimentary or chemical
nature of the fills of karst forms or the presence of karst breccia. In general, the interpretation
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results obtained are similar to those of other authors [6,30,35] that unequivocally document
the presence of various types of karst features in the profiles of the analyzed boreholes.

The paleokarst forms in the Upper Jurassic and Lower Cretaceous carbonates have
also been identified in the seismic data. Seismic surveys have provided additional infor-
mation on the spatial distribution of paleokarst structures (including those identified in
boreholes) through seismic attribute analysis. The recognized paleokrast zones are most
often located directly in the topmost part of the Upper Jurassic and Lower Cretaceous
carbonate complexes. It is notable that locally the paleokarst intervals identified in the top
of the carbonate complex may not be visible in the seismic image, as they are affected by the
anomalous seismic reflection from the overlying anhydrite horizon [19]. Karst forms have
also been identified in the deeper part of the carbonate formations in the immediate area
of fractures and faults. The karst structures recognized in the study area can be divided
into two main genetic types: base-level (or shallow) karst, including buried hill, reef banks
and internal karst, as well as nonbase-level (or deep) karst, including bedding (confined)
deep-underflow, vertical deep-infiltration and hydrothermal fluid karst [8]. The base-level
karst is controlled by different-order sequence episodes, whereas the nonbase-level karst is
mainly controlled by tectonics, where the fracture system allows for the flow of surface and
thermal waters (Figure 2). Hydrothermal waters in the Carpathian Foreland area for the
analyzed Cretaceous—Jurassic intervals are characterized by temperatures of 50-70 Celsius
degrees and increased mineralization [20]. The influence of the activity of hydrothermal
waters is ubiquitous and noticeable in the region regardless of the genetic type of the
karst forms.

The presence of a regional karstic surface, with varying degrees of development, in
the top of the Mesozoic carbonate complex was also confirmed by the analysis of the
seismic data. Of the broad set of seismic attributes available in the Petrel software v.20.4,
the following were found to be the most useful for identifying the paleokarst surface:
instantaneous frequency, consistent dip, variance, RMS attribute, spectral decomposition
and relative acoustic impedance.

In the literature, examples can be found of the use of other seismic attributes as well,
for detecting zones of paleokarst development and analyzing the diversity of reservoir
properties within karst reservoirs. For example, Farzadi and Hesthammer [49] used seis-mic
attributes (such as the cosine of the instantaneous phase, dominant frequency, integrated
absolute amplitude, envelope and inversion impedance) extracted from the final migrated
3D seismic data to analyze the Upper Cretaceous Mishrif Formation in Iran. The resulting
3D multi-attribute seismic facies classification enabled a detailed stratigraphic interpretation
of the Turonian paleokarst surface. In contrast, Dai et al. [4] conducted an analysis of karst
reservoirs in the Lower Permian Maokou Formation in the central Sichuan Basin, China,
using RMS amplitude and instantaneous frequency as the optimal seismic attributes for
reservoir prediction.

Paleogeomorphology of the paleokarst surface shows a division into the upland and
the bordering zones of steep slopes. The upland area is characterized by a varied relief
with well-developed paleokarst forms (limestone pavements, sinkholes, valleys and blind
valleys), the orientation and concentration of which show a relationship with the structural
elements, such as faults and fracture systems. On the southern side, the upland ends
in a steep slope with relatively smooth topography, while on the eastern and northern
parts of the slope a complex network of dendritic, elongated structures (grooves) formed
by intense erosion was identified. The distribution of interpreted paleokarst forms is
consistent with the diagram of the karst landscape (after Huggett [38]) and is similar to the
paleokarst Cretaceous Macaé group carbonates in Campos Basin, Brazil [10], but also to the
Ordovician paleokarst in the Tabei Uplift, Tarim Basin [50]. The occurrence of tower karst in
the Ordovician carbonates of the Tarim Basin indicates a higher level of karst maturity than
in the Upper Jurassic and Lower Cretaceous carbonates. Paleokarst in the analyzed area is
represented by small suffusion or dropout sinkholes, open stream sinks, many small cracks
and pavements widespread within a few meters of the paleokarst surface and the relatively
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poor expression of open karst conduits (i.e., many small caves and vertical shafts). Such a
set of characteristic structures identified in well data and on the surface of the upland may
result from the relative immaturity (Youthful class of karst) of the paleokarst [10,51,52].

Zones of carbonate rocks that were subjected to tectonic, karstification and hydrother-
mal transformation processes could be considered as complex exploration targets. The
complexity of the processes had a great influence on the variability in reservoir param-
eters and poses a great challenge in their calculations. Understanding the origins and
evolution is essential for the exploration and identification of deposits associated with
the paleokarst [4,53,54]. Examples of such reservoirs containing significant geothermal
water resources are recognized, among others, in Rospo Mare, Italy [16]; in Geneva Basin,
Switzerland [55]; and the Wolonghe Gasfield in Sichuan Basin, China [46].

5. Conclusions

The studies conducted by the authors using an integrated analysis of geological-
geophysical data and 3D seismic images showed the widespread presence of paleokarst
features in Upper Jurassic and Lower Cretaceous carbonate formations in the analyzed
central part of the Carpathian Foreland region.

The results were obtained by analyzing archival core descriptions; available geo-
physical measurements, such as the gamma, resistivity, density, acoustics and diameter;
and high-resolution CAST, XRMI and SED records in combination with the analysis of a
number of selected seismic attributes.

In the first stage, various karst forms, including caves, multidirectional fissures, fis-
sures widened by dissolution and the type of sediments filling them, were documented
based on the well data. Linking these results to the analysis of the seismic attributes includ-
ing the RMS attribute, sweetness, instantaneous and dominant frequencies, consistent dip,
local dip, chaos, variance, spectral decomposition and iso-frequency made it possible to
identify and delineate the zones of occurrence of the paleokarst structures.

The results of the presented research can provide fundamental information for the
detailed identification of buried paleokarst structures in the study area. Combining core
data with seismic interpretation allows for a much better understanding of the spatial
distribution of the paleokarst system in carbonate rocks. A good recognition of pale-
okarst structures characterized by improved reservoir parameters is important in terms of
estimating geothermal water resources as well as hydrocarbon exploration.
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