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Abstract

Exploration for hydrocarbon reservoirs is currently focused on increasingly difficult targets
and geological structures, thus stimulating a growing requirement for new measurement
methods and techniques that can provide more detailed information about lithology and
reservoir parameter distribution in the vicinity of the target zone. This publication presents
a method for increasing the resolution of the recorded surface seismic wavefield in the vicin-
ity of example borehole Well-1 (western Poland) for reservoir horizons of the Rotliegend
and Zechstein formations. The main stage of the research was the introduction of frequen-
cies from vertical seismic profiling (VSP) into seismic traces. The shape filter deconvolution
procedure was applied based on the operator calculated from VSP data, which was applied
to seismic profiles extracted from 3D data. The procedure applied allowed for the recon-
struction of higher-frequency spectrum necessary for a detailed imaging of the geological
framework of the analyzed reservoir formations. In the next stage, seismic inversion calcu-
lations were conducted, both on VSP data (corridor stack and VSP-CDP transformation)
and on surface seismic time sections. The results obtained as an acoustic impedance distri-
bution enabled a more comprehensive structural interpretation and detailed analysis of the
variability of reservoir properties in the analyzed well area.

Keywords: vertical seismic profiles (VSP); seismic interpretation; deconvolution; seismic
inversion; Rotliegend; Zechstein

1. Introduction

The origins of the reflection seismic method date back to the 1920s [1-3]. Initial
two-dimensional (2D) seismic surveys provided primarily structural information about
geological formations but progressively evolved into an effective method for imaging and
interpreting subsurface geological frameworks. Significant advancements in seismic reflec-
tion methodology continued throughout the 1980s [4-6], during which three-dimensional
(3D) seismic technology was introduced, enabling spatial and more detailed structural and
lithological imaging of rock formations.

In the early 1950s, the borehole seismic method—vertical seismic profiling (VSP)—was
developed, based on recording seismic wavefields generated at the surface and detected
within boreholes [7]. E.I. Galperin is recognized as a pioneer of the VSP method. The
application of this technique in the former Soviet Union during the 1960s for hydrocarbon
exploration and field evaluation significantly advanced its development. Unlike 2D and
3D surface seismic methods, where surface receivers record only upgoing wave events, the
VSP method (utilizing sensors positioned along the well profile) enables in situ recording of
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both downgoing and upgoing wave events, capturing both primary and multiple seismic
reflections [8,9]. This VSP wavefield recording approach substantially reduces the dis-
tance between reflecting horizons and receivers compared to conventional surface seismic
methods. Consequently, the resulting seismic records are less ambiguous, and phenomena
such as waveform distortions in the Fresnel zone, absorption, and spherical divergence
effects—which are crucial in reconstructing true amplitudes—are minimized [7,9,10].

Vertical seismic profiling is a useful measuring technique that enables the generation
of information about rock properties (such as velocity, impedance, attenuation, anisotropy)
at depth, providing detailed seismic imaging of geological structures. These measurements
provide insight into seismic wave propagation as well as greatly support the processing
and interpretation phases of surface seismic data, based on phase and AVO analysis [11,12].

Several authors emphasize the insufficient utilization of well seismic data (VSP) in
geological interpretation in comparison to the information potential offered by recorded
VSP data [8,13,14]. However, from the numerous publications discussing the possibilities of
applying zero-offset and offset VSP measurements, special focus should be placed on works
discussing such issues as precise, trend-directed recognition of physical and petrophysical
parameters (considering anisotropy) in the near-well zone and adjacent areas; the possibility
of constructing detailed models of interval velocities; verification of geological and facies
interpretations; and elimination of artifacts on seismic and geological sections [15-19]. A
further important issue is the crucial role of high frequencies in the surface seismic trace
spectrum for obtaining high-resolution seismic imaging. These frequencies are significantly
absorbed during the propagation of the elastic wave in geological media [20].

This article presents the application of vertical seismic profiling to increase the preci-
sion of geological interpretation in the near-well zone, as well as to improve the resolution
of selected seismic profiles with the shape filter deconvolution procedure, based on the
example of Rotliegend formations underlying the Zechstein complex in the western part
of Poland. One important issue in this area is the poor seismic imaging below the Zech-
stein base due to strong acoustic impedance and velocity contrasts with surrounding
strata, which makes it difficult to identify seismic reflections corresponding to underlying
formations, e.g., refs. [21-23]. The absorption of seismic wave energy by thicker Zech-
stein evaporite deposits lying above in the geological profile causes the Rotliegend and
Lower Carboniferous formations to be characterized by low amplitude values and poor
seismic evidence.

Implementation of additional information contained in the VSP wavefield during
seismic data processing effectively enables the reconstruction of lost high-frequency band-
width. In some cases, this may be necessary for a thorough description and reconstruction
of the geological framework of the analyzed lithostratigraphic formations [24-26]. The
implementation of additional information included in the VSP wavefield into surface
seismic data enabled the reconstruction of higher frequencies necessary for more detailed
reconstruction of the geological structure. The seismic inversion method is a key tool for
reliably characterizing the physical properties of rock formations. The results obtained in
the form of acoustic impedance, calculated on selected seismic sections and VSP processing
sections, supplied additional information about the distribution and diversity of petrophys-
ical parameters, as well as enabled the analysis of facial, lithological, and reservoir changes
in the Rotliegend and Zechstein formations.

2. Geological Background

The research area is located in western Poland (Figure 1A), within the Lower Permian
depression known as the Poznar Trough, which is situated on the northern side of the Wolsz-
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tyn Uplift (Figure 1B). A major part of the Rotliegend and Zechstein Basins developed in the
overburden of the Variscan orogenic zone (Figure 1B), together with its foreland [27-29].

Rl [ B AL =
POLAND e

:::::: i

Pl ) 1

Cayg, _
oy, EASTEUROPEAN ||| siceer
s CRATON -

Bydgoszcz Bydgosz:
- L]

]
\.\.
£ POTE
k} =
VARISCIDES .

W G ‘QN/L\ e
PEET T T

Map B: Primary tectonic units: Maps B and C: Other explanations: Map C: Main depositional palecenvironments:
[0 East European Precambrian Platform Bl researcharea [ lacustrine (playa-lake and marginal playa sediments)
[T caledonian fold-and-thrust belt WroglaW  larger cities [ alluvial and fluvial (alluvial fan and plain sediments)
[ Variscan fold-and-thrust belt - country border [ aeolian (dunes and interdunes sediments)

[ Matopolska Block Rotii sasin extent [ areas without Rotliegen deposits
otliegen Basin exten!

Figure 1. Location of the study area: (A) in the generalized outline of the Central Europe re-
gion; (B) against the background of the primary tectonic units of the Permian basement (after
Karnkowski [27], modified); (C) against the background of Upper Rotliegend main sedimentary
palecenvironments (after Kiersnowski and Buniak [30], modified).

The oldest basement unit is formed by the East European Precambrian Craton (often
referred to as Baltica), extending into the eastern part of Poland [31-35]. The Caledonian
and Variscan fold-and-thrust belts (Figure 1B), adjacent to the southwest of the Craton,
form the so-called West European Paleozoic Platform [36-38].

The oldest strata identified in wells in the study area are Carboniferous siliciclastic
sediments [39-41], showing significant tectonic engagement and represented by gray
sandstones and brown-red claystones and mudstones. Lower Permian formations of the
Rotliegend occur higher up in the profile and can be divided into two complexes. The
lower complex includes a series of volcanic rocks (mainly lava, ignimbrites, and tuffs)
together with conglomerates of alluvial fans and fine-grained sediments [42,43]. The upper
complex is represented by sediments of different depositional environments, such as clastic
playa sediments, lithologically diverse series of alluvial and fluvial sediments, and aeolian
sandstones [30,43-46] (Figure 1C). The profiles of wells located in the research area and
its vicinity are dominated by formations classified within the eolian complex, located
within the so-called Eastern Erg [44,45] (Figure 1C). The thickness of Rotliegend formations
recorded in wells from the study area and its vicinity ranges from 450 to over 700 m.

The next complex in the profile of the analyzed region is composed of Upper Permian
(Zechstein) formations. Fundamental feature of Zechstein lithostratigraphy in the European
Sedimentary Basin is the cyclicity of evaporite sedimentation [47-52]. All four main
cyclothems distinguished according to the Richter-Bernburg classification scheme [53] (i.e.,
PZ1,PZ2, PZ3, and PZ4) are present in the research area. Older sedimentation cycles (PZ1
to PZ3) are carbonate-evaporite in character, while the youngest cycle is rather clastic—
evaporite. Changes in the thickness and lithological composition of sediments in each cycle
are closely related to the ratio of accumulation rate to subsidence [47]. The four evaporite
cyclothems mentioned above are composed of clastic, carbonate, and sulfate formations, as
well as rock salt and potassium-magnesium salts. The thickness of the Zechstein formations
in the discussed area ranges from 480 to approx. 900 m.
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The Triassic profile is dominated by clastic sediments, mostly fine-grained, with
carbonate rocks (limestones, dolomites, and marls) appearing only in the middle part of
the profile, and locally with thin interbeds of evaporite rocks [54]. The Lower Jurassic
deposits in their typical development consist mainly of a series of fine- and medium-
grained sandstones with intercalations of mudstones and claystones [55]. The Middle
Jurassic complex is also dominated by fine-grained sediments, mainly mudstones and
claystones, while the Upper Jurassic profile contains carbonate rocks, mostly limestones
and marls, with mudstone intercalations in its lowermost part. The Cretaceous deposits are
absent in the study area. The total thickness of the Mesozoic deposits ranges from approx.
2500 to 2800 m. The geological profile in the study area ends with Cenozoic deposits,
represented mainly by fine clastic sediments with sand and brown-coal intercalations up to
170 m thick.

The Rotliegend and Main Dolomite Formations are considered to be the most prospec-
tive for hydrocarbon exploration in the Polish part of the Permian Basin [46,56-58]. Drilling
of the well discussed in this article (alternatively named Well-1) (Figure 2) was completed
in Lower Permian (Rotliegend) deposits, at a depth of 3701 m. Analysis of drill cores
indicates that the top series of Rotliegend formations in the study area is represented by
an eolian facies, and this is compatible with the assumptions and previous facies inter-
pretations for this region, e.g., [27]. Within this series, fine- and medium-grained dune
sandstones with cross-bedding as well as medium-grained inter-dune sandstones with
horizontal and low-angle cross-bedding were found. These deposits are characterized by
very good reservoir properties, with porosity ranging from several percent to approx. 25%
and permeability from several dozen to over 100 mD. These properties are probably the
result of the good preservation of the original pore space configuration and minor changes
caused by diagenetic processes [30,46,59-61]. The carbonate series of the Main Dolomite
member (Ca2) of the PZ2 cyclothem in Well-1 is mainly represented by micritic dolomites,
locally with macrofauna remains, which in some parts of the profile have the character
of carbonate mud flows or granular flows. These dolomites are generally characterized
by parallel lamination and, less frequently, by wavy lamination. The reservoir properties
of this member are generally poor, as the porosity is several percent and the permeability
does not exceed 1 mD.
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Figure 2. Localization of the well and VSP survey against the background of the 3D seismic survey.
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3. Materials and Methods
3.1. Seismic Data

The research was conducted using 3D seismic volume in the depth migration version.
Two cross-sections (IL700 and XL360—Figure 3) traversing the Well-1 were selected for

detailed analysis. The acquisition and processing of 3D seismic data was performed by
Geofizyka Torun SA (Poland).

(A) § Well-1

1L700 (B) Well-1 XL360
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Figure 3. Seismic sections IL700 (A) and XL360 (B) in the time domain with computed amplitude
spectra; green line-well trajectory, red line-base of Zechstein.

The seismic horizons were marked with symbols on the seismic sections (Figure 3);
they were defined based on geological data from deep wells located within the research
area and VSP cross-plots integrating well and seismic data:

o  Tk—top of the gypsum-anhydrite level within the Keuper profile: positive amplitude,

e  Tm—top of the high-velocity Muschelkalk carbonate level: positive amplitude,

e  Tp2—contact between the Roethian anhydrite level and the Middle Buntsandstein
claystone layer: negative amplitude,

e  Zt—top of the Youngest Halite (Na4) corresponding to the top of Zechstein cyclothems
sedimentation: negative amplitude,

e  Z2—top of the Basal Anhydrite (A2): positive amplitude,

e  Zb—base of the Zechstein: negative amplitude.

The waveforms of selected seismic sections (Figure 3), extracted from the 3D surface
seismic, are characterized by a regular elementary signal shape and a wide amplitude
spectrum range, resulting in good resolution and reflections dynamics. In the Zechstein
formations, the seismic reflection pattern is continuous and flat-parallel, whereas below the
Zechstein base (Zb seismic horizon), a decrease in continuity and resolution of the seismic
image can be observed.

3.2. VSP Data

VSP measurements in Well-1 were conducted using a vibratory source with a sweep
frequency range of 12-84 Hz and a receiver displacement step in the well of 15 m. The
acquisition and preprocessing of VSP survey data were provided by Geofizyka Torurn but
the standard processing was performed at the Oil and Gas Institute-National Research
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Institute using the Univers system by Geovers Ltd., Moscow, Russia. VSP data processing
was performed for three shot points (SP)—two zero-offset points (SP1—offset 54 m, azimuth
40°; SP2—offset 80 m, azimuth 130°) and one offset point SP3 (offset 1150 m, azimuth 212°)
(Figure 4). The recorded VSP waveforms are characterized by high quality. The upper
spectral range for each shot point (SP) reaches approx. 85 Hz. The SP wavefield analysis
(Figure 4) indicates that the best signal-to-noise ratio (S/N) occurs in the 40 Hz range.
Downgoing and upgoing waves are clearly detected on the SP-1 and SP-3 wavefields, and
converted waves are also detected on the SP-3 wavefield. On these amplitude spectra,
a high-frequency cutoff at 85 Hz can be observed, which is most evident on the SP-1
wavefield, which is probably related to the application of a limited upper sweep range
during acquisition of VSP.

j Well-1 P-waves, SP-1 (offset 54m, azimuth 40°) (A)  jwell1 P-waves, SP-3 (offset 1150m, azimuth 212°) (B)
| Time [ms] i Time (ms|
1000 1200 1400 1600 I 00 1200 1400 1600

S

Figure 4. VSP data of Z component for shot point SP-1 (A) and SP-3 (B) recorded in Well-1 with
computed amplitude spectra.

As a result of zero-offset VSP processing, a field of upgoing waves and a corridor
stack are obtained, providing information about the physical properties of the near-well
zone as well as allowing the correlation of surface seismic in the time domain with well
logs in the depth domain, usually presented in the form of composite plots [62-66]. The
frequency range contained in the corridor stack is a source of useful in situ information
that can be applied to the deconvolution procedure used on the selected seismic sections.
Due to its measurement methodology, the VSP method provides higher and more accurate
seismic resolution than surface seismic. This higher resolution is manifested in the form
of an expanded frequency spectrum of the wavefield. Higher frequencies, which experi-
ence stronger attenuation during wave propagation through the geological medium in
surface seismic acquisition, can be supplemented with frequencies recorded using the VSP
method [12,22,67].
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The determination of appropriate azimuths for offset shot points is very important
during planning of VSP 3C measurements, considering the main directions of structural,
lithological, or facial changes in interesting geological formations. The image obtained
based on VSP measurements is generally characterized by considerably higher resolution
than the image obtained as a result of surface seismic data processing. With increasing
distance between the shot point and the well, the range of reliable tracking of changes
within formations of interest also increases. The recorded wavefield, after preprocess-
ing, elimination of interfering waves, extracting upgoing waves, and deconvolution, is
transformed into a surface seismic pattern (distance—time 2T).

3.3. Shape Filter Deconvolution Method

The critical factor responsible for resolution is the length of the observed seismic wave.
The length of the wave A is defined by two parameters: propagation velocity V [m/s] and
frequency f (1/T) [Hz] (A = VT, A = V/f, T—dominant vibration period). The frequency
of the propagating wave depends significantly on the acquisition parameters, while the
propagation velocity is a physical parameter of the geological medium [23]. Seismic
velocity increases with depth; thus, deeper rock formations are usually older and more
diagenized. The dominant frequency of the seismic signal decreases with depth because
higher frequencies are absorbed with greater intensity. The length of a wave increases with
depth because the velocity (V) increases and the frequency (f) decreases. As a result of the
influence of phenomena accompanying the propagation of elastic waves, such as absorption,
attenuation, and radial divergence, we obtain a wavefield usually in the frequency range of
15-75 Hz. The reconstruction of high frequencies in the seismic trace spectrum is crucial
because this part of the spectrum is more absorbed during the propagation of elastic
waves [20]. The implementation of additional information contained in the VSP wavefield
into surface seismic data allows for the reconstruction of high frequencies, which are
essential for describing the geological structure in detail [21,67]. The spectrum of higher-
frequency extension on seismic sections depends on the VSP amplitude spectrum range
used, which is determined by the sweep length used during the VSP acquisition as well as
the advancement of VSP data processing procedures.

Following the determination of the optimal amplitude spectrum range and the appli-
cation of the convolution procedure, a wavefield enhanced with the frequency spectrum
from the VSP data is generated on the seismic sections. This procedure results in a seismic
record that is formed by the frequency spectrum of the calculated operators. The final
seismic section after applying this procedure should have a zero-phase wavefield with an
extended amplitude spectrum.

The shape filter deconvolution procedure implemented in the Univers system can be
described in the time and frequency domains as follows:

e in time domain:

Occ - f = Pev @
f=5 @
e in frequency domain:
((Clw) - CH(w)) - f = C(w) - V' (w)) 3)
V¥ (w)

f= C*(w) 4)
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where

f—deconvolution operator,

C(w)—seismic trace spectrum,

C*(w)—instantaneous seismic trace spectrum,

V*(w)—instantaneous VSP primary reflection trace spectrum,

&cc—autocorrelation of seismic trace,

& cy—cross-correlation of seismic trace with VSP primary reflection trace.

The deconvolution operator is extracted from the VSP primary reflection trace (corridor
stack). The operator extraction interval is determined based on an analysis of the signal
shape of the seismic record from the corridor stack and the seismic section, their frequency
range, and the interval of occurrence of the geological formations that are the target of
detailed interpretation. The deconvolution operator length is analyzed and optimally
selected based on the correlation match between the corridor stack and the resulting
wavefield after deconvolution. Given our wide experience in calculating deconvolution
operators, we can conclude that the adopted operator length of 120 ms is optimal.

Calculations of higher frequencies on the seismic trace spectrum were conducted on
selected IL700 and XL360 seismic sections (traversing Well-1) using shape filter deconvo-
lution calculated in Geovers’ Univers system (Figure 5). Based on the analysis of the VSP
upgoing wavefield and the resulting form of the corridor stack, an elementary signal was
defined, which was taken as the deconvolution operator. The length of the deconvolution
operator was taken as 120 ms. This operator was applied to selected seismic sections to
obtain a seismic record enriched with the frequency spectrum derived from VSP data and
zero-phase correlation of seismic traces (Figure 6).
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Figure 5. Example of deconvolution procedure on IL700 seismic section in Univers program with cross-
correlation of VSP trace (red color): (A) version before deconvolution, (B) version after deconvolution.
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Figure 6. Comparison of calculated amplitude-frequency spectra: (A) for the IL700 section, (B) for the
corridor stack of VSP SP1, (C) for the IL700 section after application of the deconvolution procedure.

3.4. Seismic Inversion Method

The correctness of the reconstruction of the geological framework, especially its struc-
tural and lithofacial diversity, depends crucially on the seismic wavefield resolution, and
hence on its spectral characteristics. The spectral characteristics significantly determine
the results of seismic inversion, which can be successfully used for detailed reservoir
analysis [68,69]. Seismic inversion is a useful geophysical tool for estimating the physical
parameters of a geological medium from seismic data as impedance changes, which are the
product of density and propagation velocity. This enables the conversion of seismic reflec-
tion amplitudes into physical rock parameters and, consequently, a quantitative description
of the reservoir. However, in simplified terms, it can be understood as the determination of
well acoustic impedance for each seismic trace. The propagation velocity of seismic waves
is one of the parameters that most reliably describes the physical properties of a geological
medium [70-73].

In the present study, the acoustic impedance distribution was determined for the
corridor stack corresponding to zero-offset shot point SP-1, the VSP-CMP transformation
for shot point SP-3, and analyzed seismic sections. A deterministic seismic inversion
method, known as recursive inversion, was applied for the calculations. This method,
based on the classical deconvolution model [74-77], involves the sequential calculation
of acoustic impedance in successive layers. The impedance value for a particular layer
is determined directly from the impedance value of the overlying layer, according to

14+ L/1+C
Zi+1:Zi(1Cl'> ZZOH<1CZ,) ©)
i j= i

the equation:

where
Z;i—impedance of the i-th layer (previous),
Z;.1—impedance and +1 layer (next),
Zy—impedance of the first layer (starting),
C;—reflection coefficient between the i-th layer and the next layer (i + 1).
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The initial impedance model (low-frequency model) is calculated based on well data:
sonic (DT), density (RHOB), and interval velocity obtained from zero-offset VSP measure-
ments. This robust starting model is crucial for recursive inversion, which is a very useful
method for relatively quickly determining relative changes in impedance distribution in
a geological medium. The resolution of this method depends on the signal shape and
the amplitude—frequency range included in the seismic traces. Generally, the results ob-
tained using the described inversion method feature the same frequency range as the input
seismic data.

4. Results

Based on the research conducted, the resulting seismic sections were obtained in both
the version after the deconvolution procedure using the operator calculated from VSP data
and in the acoustic impedance version.

A comparison of the wavefield records between the versions before and after the
application of deconvolution procedure reveals greater dynamics and continuity of seismic
reflection within the time interval corresponding to the analyzed Zechstein and Rotliegend
formations (Figure 7). Furthermore, the deconvolution procedure used enabled the obtain-
ing of a symmetrical zero-phase signal for all seismic traces (Figure 5). The procedure also
resulted in an increase in the correlation coefficient of the VSP corridor stack with seismic
traces in the Well-1 area (Figure 8).

Well-1

* 40 350 '1W*-‘"'1 " ®

1L70
270 280 290 300 310 320 330 3 370 380 390 400 410 420 430 440 450 | | 270 280 290 300 310 320 330 340 350
|

T |
R —

IL700
370 380 390 400 410 420 430 440 450

i

N~
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2000y 1800 1600 400 = 1200 1080 800 600 400

[ 22‘00

2400

Figure 7. Seismic section IL700: (A) before application of the deconvolution, (B) after application of
the deconvolution, with VSP corridor stack matching in Well-1 position (highlighted in yellow); red
lines-base of Zechstein.

Figure 8 shows the integrated results for Well-1 (composite plot) of vertical seismic
profiling (zero-offset VSP), including well data, VSP primary reflection, corridor stack, and
a fragment of seismic section IL700 (version before and after deconvolution procedure).
This composite plot supports the integration of data recorded in the depth domain (well
logs, VSP data) and the time domain (3D seismic survey). Moreover, the composite plot
shows the correlation of selected interpreted seismic horizons (Tk, Tm, Tp2, Zt, Z2, and
Zb—dashed lines). Two intervals highlighted in yellow cover the levels of reservoir rocks,
with the lower one (P1) located in the topmost part of the Rotliegend formation profile,
and the upper one (Ca2) corresponding to the carbonate unit of the Main Dolomite of the
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Zechstein. The integrated visualization of well logs, VSP, and seismic sections presented
on the composite plot allows for a comprehensive analysis of all available data with the
goal of more detailed recognition of distinct prospective and reservoir horizons. Another
significant benefit of this method is that it enables precise identification of seismic reflections
corresponding to geological formations located below the bottom of the well, as well as
providing information on their structural framework (Figure 9).
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Figure 8. Composite plot of well logs with VSP upgoing wavefield for SP-1 (A), corridor stack of VSP

SP-1 (B), fragment of the IL700 seismic section before deconvolution (C), and fragment of the IL700
seismic section after deconvolution (D).

Figure 9 presents the VSP-CMP transformation, which shows the correlation of the
main seismic reflections compared to the IL700 seismic section (in the version before and
after the deconvolution procedure). Furthermore, the wave image on this transformation
is characterized by higher resolution, both vertically and horizontally, which facilitates
more precise tracking of seismic reflections in the near-well zone. In the interval between
the interpreted Z2 horizon and the bottom of the Ca2 lithological member in the VSP-
CMP transformation, a decreased amplitude value is observed, which may indicate poorer
reservoir properties. This is confirmed by well data, as the porosity is several percent and
the permeability does not exceed 1 mD. In the interval between the interpreted horizon
Zb (the base of Zechstein) and the bottom of the well, dynamic variability of contrasting
amplitude values can be observed, which may indicate good reservoir properties within
the uppermost part of the Rotliegend formation profile. This is confirmed by very good
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reservoir properties, with porosity ranging from several percent to approx. 25% and
permeability from several dozen to over 100 mD, as well as the flow of hydrocarbons
obtained from the topmost part of the Rotliegend formation.
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Figure 9. Composite plot of well logs with VSP upgoing wavefield for SP-3 (A), VSP-CDP SP-3 (B),
fragment of the IL700 seismic section before deconvolution (C), and fragment of the IL700 seismic
section after deconvolution (D).

In the next stage of the research, deterministic seismic inversion calculations were
performed on the VSP output and the analyzed seismic profiles. These calculations were
performed using in-house software developed by the Oil and Gas Institute-National Re-
search Institute. Acoustic impedance analysis was performed on both VSP and seismic data,
before the deconvolution procedure and on the version after applying the deconvolution
operator using Formula (5).

The paper presents the results of seismic inversion in the form of acoustic impedance
distributions for the IL700 seismic section. The results reveal that the calculated acoustic
impedance, both in the corridor stack and in the VSP-CMP transformation, for the analyzed
time intervals is characterized by higher vertical resolution compared to seismic sections
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(Figures 10 and 11). This refers to both seismic versions before and after the deconvolution
procedure (Figure 12).
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Figure 10. Composite plot of well logs with VSP upgoing wavefield for SP-1 (A), acoustic impedance
of VSP corridor stack for SP-1 (B), fragment of the IL700 acoustic impedance section before deconvo-
lution (C), and fragment of the IL700 acoustic impedance section after deconvolution (D).

It should be noted that the applied deconvolution procedure caused some changes
in the shape of the seismic signal and the frequency spectrum range for surface seismic;
therefore, the final acoustic impedance values obtained for both versions of the seismic
image (before and after the deconvolution procedure) are not consistent.

The acoustic impedance image obtained for the Rotliegend formations reveals a zone
with varying impedance values, located in the upper part of the formation (indicated by
arrows in Figure 12), which can be interpreted as the zone with better reservoir parameters.
On the VSP-CMP transformation (Figure 11B), the range of distribution of this zone in
relation to the interpreted well can be determined in detail.

Regarding the Zechstein formations, the distribution of acoustic impedance values
within individual cyclothems and associated lithological units (anhydrites, salts, carbonates)
in the seismic version after the deconvolution procedure is considerably more harmonized
and structured (Figure 12), which seems to better reflect the periodic nature of sedimenta-
tion as well as the formation of reservoir parameters within these formations.
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Figure 12. Acoustic impedances calculated on the IL700 seismic section with acoustic impedance
of corridor stack matching in Well-1 position: (A,A’)—before application of the deconvolution,
(B,B")—after application of the deconvolution; PA—acoustic log; the arrows indicate the interval of
low impedance values corresponding to the reservoir level.

5. Discussion

The clastic sediments of Rotliegend and carbonate deposits of Main Dolomite in
the Polish part of the Permian Basin are considered to be the most prospective reservoir
formations regarding hydrocarbon exploration [56,78,79]. These formations also have
significant reservoir potential in other areas of the European Permian Basin, e.g., [80-82].
Although numerous natural gas and oil fields have already been discovered in these
horizons, and some of them are being exploited to this day, there is still a high probability
of discovering new hydrocarbon reserves, including especially natural gas deposits in
the sandstone reservoir of Rotliegend. However, Rotliegend reservoir rocks are very
difficult for more detailed recognition, both structural and facial, due to high variability
of reservoir parameters [43,57,83], large burial depths, and often poor seismic imaging
below the Zechstein base [24-26]. Focusing exploration activities on increasingly more
difficult targets and geological structures results in an increasing need for more pointed, and
relatively inexpensive, measurement methods that can provide more detailed information
on lithology and reservoir parameter distribution in the vicinity of target zones.

The results of applying vertical seismic profiling (VSP) to interpret the Zechstein
and Rotliegend formations provided additional information on the variability of reservoir
parameters in these formations. The primary aim of this research was to determine the
possibility of increasing the precision of identifying reservoir series in Permian formations.

In the first stage, VSP data for shot points SP-1 and SP-3 were processed, and the
results obtained were used to calculate the deconvolution operator, which then was applied
to seismic traces in order to expand the frequency spectrum on seismic sections traversing
Well-1. In the next stage, seismic inversion calculations were performed on the obtained
results (both VSP and surface seismic). The resulting seismic sections and VSP-CDP
transformations obtained from both stages were the basis for a comprehensive analysis
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and interpretation of the Rotliegend and Main Dolomite reservoir series. This resulted in
a significant improvement in seismic image resolution and consequently enabled a more
detailed interpretation of the analyzed formations.

The results obtained in this work are consistent with the findings described in sev-
eral publications, including the publications of Tabakov [64], Haldorsen et al. [12], or
de Freslon et al. [84]. However, in this study, shape filter deconvolution was addition-
ally applied to seismic data, taking into account the specific conditions related to the Polish
Permian basin.

An example of using VSP measurements is presented by Henninges et al. [85]. The
authors applied a novel method of distributed acoustic sensing (DAS) to gain more detailed
information on the structural setting and geometry of the geothermal reservoir, which
comprised volcanic rocks and sediments of Early Permian age. The aims of the VSP survey
were precise well-to-seismic tie (to bottom-well depth of 4200 m) and imaging of structural
elements within the reservoir interval of the Rotliegend formation in the well vicinity with
higher resolution in three dimensions. The imaging of structures in the target reservoir
interval was a special task because the Lower Permian sediments are overlain by the 1400 m
thick Upper Permian Zechstein salt complex.

Another example of VSP measurements used for high-resolution imaging of a carbon-
ate reservoir is presented in the work of Mullen et al. [86]. The studies were conducted
because of an incompatibility between existing seismic and geological interpretations. Opti-
mized P-impedance form VSP, high-resolution images obtained, and additional information
from the VSP provided a crucial structural update to the interpretation and helped to better
understand issues related to the depositional model.

The effectiveness of integrating VSP data (i.e., corridor sums for PP and PS waves
and VSP-CMP transformations) with the results of seismic inversion performed on 3D
seismic data was confirmed by De Freslon et al. [84] while studying reservoir parameter
prediction in the Carboniferous and Devonian formations of the Machukhske gas field in
the Dnieper-Donetsk basin. Their approach emphasized the important role of VSP in the
process of calibrating a priori velocity models, which significantly reduced the uncertainty
of seismic inversion below the bottom depth of the well.

In our project, VSP data were also used to obtain a reliable distribution of velocity
and acoustic impedance values, especially for Rotliegend formations, which are charac-
terized by high heterogeneity resulting from diagenetic processes. The improved reso-
lution of impedance contrast achieved through VSP-based deconvolution confirms the
findings of other authors, including Haldorsen et al. [12], de Freslon et al. [84], and
Henninges et al. [85], that VSP data provide essential information about high frequen-
cies that are often missing in surface seismic data sets. More generally, the results of this
study demonstrate the complementary nature of VSP and surface seismic data in charac-
terizing reservoir series. The integration of different impedance versions obtained from
VSP data with seismic inversion calculated on surface seismic data provides a reliable
framework for reducing geological risk in hydrocarbon exploration and production, as
indicated by the results of both this study and earlier publications [79,87,88]. However,
this is important in Rotliegend sandstones, in which the reservoir quality is determined by
cementation, other diagenetic processes, and the effects of tectonic processes. These results
are important not only for hydrocarbon exploration purposes, but also for other fields of
application, such as geothermal energy and carbon dioxide sequestration, where accurate
imaging of the subsurface structure is crucial. Despite these achievements, there are certain
limitations resulting from, for example, limited data availability, the acquisition parameters
used, the quality of the data obtained, and the VSP processing procedures used.
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Another promising direction is the incorporation of machine learning techniques into
the optimization of VSP deconvolution processes, which should potentially increase the
efficiency and precision of acoustic impedance calculations. Currently, machine learn-
ing is successfully used for VSP data processing, specifically for the precise selection of
downgoing and upgoing waves as well as longitudinal and transverse waves [89-91].

6. Conclusions

The results obtained, resulting in improved seismic data resolution using shape filter
deconvolution, confirm the validity of this method for advancing procedures of reflecting
the geological structure of rock formations.

The resulting seismic field obtained after applying deconvolution has significantly
improved dynamics and continuity of reflections, and better vertical resolution, with
the deconvolution outcome depending on the frequency range used in the calculated
deconvolution operator from VSP measurements. The additional benefit of applying the
shape filter deconvolution procedure to migrated seismic sections is obtaining a wavefield
with a zero-phase signal.

The effect of improved seismic record resolution after deconvolution is also observed
on acoustic impedance sections in the time domain obtained by applying seismic inversion.
The results obtained as acoustic impedance distribution are characterized by higher ver-
tical and horizontal resolution, and thus more precise imaging of structural changes and
reservoir parameter variability related mainly to lithological and facial changes, as well as
to the history of diagenetic processes.

The application of VSP measurements in the Rotliegend complex confirmed its poten-
tial as an additional geophysical method for identifying reservoir formations. Resulting
from the optimization of impedance procedures and improved deconvolution techniques,
VSP measurements can be helpful in the detailed seismic and geological interpretation
of complicated reservoirs. Considering the relatively inexpensive cost of VSP measure-
ments compared to standard seismic methods, future research should focus primarily on
the more effective employment of advanced VSP acquisition and processing methods to
expand the imaging potential of difficult-to-interpret rock formations (e.g., due to high
variability of reservoir parameters or tectonic conditions), such as salt dome zones, aeolian,
or fluvial formations.
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